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Abstract 
Rice is the staple food for half of the world's population, especially in Asia. 
However, rice is nutritionally unbalanced for people who live in developing countries 
and depend on it as the major protein source because of its natural deficiency in certain 
essential amino acids especially lysine. Lysine cannot be synthesized by monogastric 
animals but have to be intaken from food. It is essential for human body because it can 
help the making of antibodies, hormones, enzymes, collagen and repair cells and 
tissues. Because of natural deficiency of rice in certain essential amino acids, it results 
in those who depend on rice as staple food many cases of protein energy malnutrition. 
The lysine metabolic pathway in plants and the key enzymes involved have been 
elucidated, laying the foundation for research towards enhancement of lysine content 
in rice. 
Two key enzymes, aspartate kinase (AK) and dihydrodipicolinate synthase 
(DHPS), are involved in the synthesis of lysine but both are feedback sensitive to 
lysine. This inhibitory activity poses a challenge in effort attempting to enhance the 
activity of the two enzymes. Previous studies had identified feedback insensitive AK 
and DHPS from natural mutants, like Corynebacterium glutamicum, Escherichia coli, 
barley and maize. Compared to wild type, the genes encoding these mutated feedback 
-insensitive key enzymes contain single base pair substitutions. Unfortunately, no rice 
natural mutant with feedback insensitive AK and/or DHPS has been identified until 
now. But several crops, like soybean, rice, maize, wheat and barley, had been 
successfully engineered with improved lysine contents through expression of E. coli 
feedback insensitive enzymes lysC and dap A, In addition, artificially induced 
biochemical mutations of key enzymes in lysine synthetic pathway, making them no 
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longer feedback sensitive to lysine, had also been reported, but not for rice AK and 
DHPS. 
In this study, I aim at enhancing rice free lysine content through manipulation of 
lysine synthetic pathway. The genes encoding for AK and DHPS were cloned from 
rice and their lysine binding domains were genetically modified for insensitive to 
lysine inhibition, thus bypassing feedback regulation. The modified AK and DHPS 
were introduced into Japonica rice cv.9983 under the control of Gtl promoter. Free 
amino acids in transgenic rice seeds were analyzed. Results showed that the free lysine 
content in transgenic lines expressing the modified DHPS increased up to 21-fold as 



































LIST OF CONTENTS viii 
LIST OF FIGURES xii 
LIST OF TABLES xiv 
LIST OF ABBREVIATIONS 
CHAPTER 1. GENERAL INTRODUCTION 1 
CHAPTER 2. LITERATURE REVIEW 
2.1 The importance of rice 3 
2.2 Limitation of essential amino acids in rice 4 
2.3 Lysine biosynthetic pathway 6 
2.3.1 The biosynthesis of aspartate 
2.3.2 Aspartate family pathway 
2.3.2.1 Aspartate kinase (AK) 10 
2.3.2.2 Dihydrodipicolinate synthase (DHPS) 12 
2.3.2.3 Other enzymes 14 
2.4 Regulation of lysine content in plant I5 
2.5 Enhancement of lysine content in plants 16 
2.5.1 Breeding, selection and naturally occuring muatnts 17 
2.5.2 Induced biochemical mutants jg 
2.5.3 Transgenic plants I9 
viii 
2.6 Hypothesis 24 
CHAPTER 3. MATERIALS AND METHODS 25 
3.1 Introduction 25 
3.2 Chemicals 25 
3.3 Bacterial strains 25 
3.4 Cloning of AK and DHPS cDNAs 25 
3.4.1 Plant materials 25 
3.4.2 RNA extraction 26 
3.4.3 RT-PCR amplification of AK and DHPS cDNAs 26 
3.4.4 Sequence modification of AK and DHPS cDNAs 27 
3.4.5 DNA sequencing of AK and DHPS cDNAs 32 
3.5 Chimeric gene construction for rice transformation 32 
3.5.1 Plasm id and genetic material 
3.5.2 Construction of chimeric genes with seed-specific promoter. 35 
3.5.3 Sequence fidelity of chimeric genes 
3.6 AEC resistance of E.coli expressing modified AK and DHPS 37 
3.7 Rice transformation 33 
3.7.1 Plant materials 
3.7.2 Preparation of agrobacterium 38 
3.7.3 Agrobacterium-mediated rice transformation 39 
S. 7.3.1 Callus induction from mature rice seed embryos 39 
义 7.3.2 Co-cultivation, selection and regeneration of transgenic rice 39 
3.8 Analysis of transgenic expression 41 
3.8.1 Genomic DNA extraction 41 
3.8.2 Total RNA extraction 41 
ix 
3.8.3 Synthesis of DIG-labeled DNA probe 42 
3.8.4 Southern blot analysis 43 
3.8.5 Northern blot analysis 43 
3.8.6 Extraction of rice seed protein 43 
3.8.7 Tricine SDS-PAGE 4 4 
3.8.8 Raising AK and DHPS antibody 44 
3.8.9 Western blot analysis 46 
3.9 Free amino acid analysis 46 
CHAPTER 4. RESULTS 
4.1 Cloning ofAK and DHPS cDNAs from rice 43 
4.1.1 RNA extraction and cDNAs amplification 48 
4.1.2 Sequencing of AK and DHPS cDNAs 
4.2 Sequence modification of AK and DHPS cDNAs 50 
4.3 Construction of chimeric genes 50 
4.4 AEC resistance of E.coli expressing modified AK and DHPS 56 
4.5 Rice transformation 58 
4.6 Detection of target genes in transgenic rice lines 60 
4.6.1 PGR of genomic DNA 60 
4.6.2 Southern blot analysis 63 
4.7 Northern blot analysis 65 
4.8 Western blot analysis of AK and DHPS proteins 66 
4.9 Free amino acid analysis 68 
4.9.1 Free lysine content 68 
4.9.2 Changes in other amino acids 59 
CHAPTER 5. DISCUSSION 82 
X 
5.1 Cloning and modification of AK and DHPS cDNAs 82 
5.2 Seed-specific expression of modified AK and DHPS in rice 82 
5.3 Free amino acid changes in transgenic rice lines 83 
5.4 Future perspectives 85 




List of Figures 
Figure 1. Higher plant ammonia assimilation pathway 7 
Figure 2. Routes for nitrogen flow in amino acid synthesis 7 
Figure 3. Aspartate family pathway in plants 9 
Figure 4. Comparison of DHPS mutant sequences from maize and soybean 13 
Figure 5. Lysine catabolic pathway. 
Figure 6. AK gene sequence 28 
Figure 7. DHPS gene sequence 29 
Figure 8. Sequence modifications in AK and DHPS by overlapping PGR 30 
Figure 9. Schematic diagram of super binary vector pSB130 33 
Figure 10. Constructs to manipulate lysine content in rice seeds 34 
Figure 11. Cloning of rice AK and DHPS into pSB1049 36 
Figure 12. Cloning of rice AK and DHPS into pET 30a vector 45 
Figure 13. Total RNA from immature rice seeds 48 
Figure 14. Amplification of AK cDNA 49 
Figure 15. Amplification of DHPS cDNA 49 
Figure 16. PGR modifications of AK by overlapping PCR 51 
Figure 17. PCR modifications of DHPS by overlapping PCR 52 
Figure 18. DNA sequence alignment of Control AK, modified AKl and AK2 53 
Figure 19. Protein sequence alignment of Control AK, modified AKl and AK2 53 
Figure 20. DNA sequence alignment of Control DHPS, modified DHPSl, DHPS2, 
DHPS3, DHPS4 and DHPS5 53 
Figure 21. Protein sequence alignment of Control DHPS, modified DHPSl, DHPS2, 
DHPS3, DHPS4 and DHPS5 54 
Figure 22. Construction of chimeric gene constructs 55 
xii 
Figure 23. AEC resistance ofE. coli. expressing AK 57 
Figure 24. AEC resistance ofE, colL expressing DHPS 57 
Figure 25. Rice transformation 
Figure 26. PGR screening results of T1 plants transformed with DHPSl 62 
Figure 27. Southern blot analysis of genomic DNA from transgenic plants 64 
Figure 28. Northern blot analysis of total RNA from immature transgenic seeds 66 
Figure 29. Western blot analysis of total protein from mature transgenic seeds 67 
Figure 30. Relative concentration of total free amino acids in mature rice seeds 79 
Figure 31. Free lysine content in mature rice seeds 80 
Figure 32. Free Thr, Met, Asx and GIx contents in mature rice seeds 81 
xiii 
List of Tables 
Table 1. The essential amino acid composition of cereal grains or flours 
compared with WHO recommendation values 5 
Table 2. Transgenic plants for lysine enhancement 23,24 
Table 3. Primer list for AK and DHPS sequence modifications 31 
Table 4. Results of rice transformation SS 
Table 5. Transgenic plants selected for further analysis 61 
Table 6. Free amino acids in mature transgenic rice seeds 71,7273 
Table?. Relative free amino acids content in mature transgenic rice 
seeds 74,75,76 
Table 8. Percentage change in the content of free amino adds as compared to 
wild type plant and corresponding AK and DHPS control 
plants 77,78 
xiv 
List of Abbreviations 
35Spro cauliflower mosaic virus 35S gene promoter 
AEC S-2-aminoethylcysteine 
AK Aspartate kinase 
Ala Alanine 
Arg Arginine 
ASA /3 -aspartyl semialdehyde 
Asn Asparagine 
Asp Aspartate 
bp base pairs 
cDNA complementary DNA 
DAF day after flowering 
DEPC diethylpyrocarbonate 
DHPS dihydrodipicolinate synthase 
DIG Digoxigenin 
DNA Deoxyribonucleic acid 
DTT Dithiothreitol 




GOGAT Glutamate synthase 
GS Glutamine synthetase 
Gt 1 -pro promoter of glutelin-1 
Gt 1 -ter terminator of glutelin-1 




LB left border of T-DNA 
LKR lysine-ketoglutaric acid reductase 
Lys Lysine 
Met Methionine 
PAGE polyacrylamide gel electrophoresis 
PGR polymerase chain reaction 
RB right border of T-DNA 
RNA Ribonuclease 
RT-PCR reverse transcription-polymerase chain reaction 
SDH saccharopine dehydrogenase 
SDS sodium dodecyl sulfate 
Ser Serine 
TO primary transgenic plant 
T1 first generation of TO 
T2 second generation of TO 





Chapter 1 General Introduction 
Rice is a very important cereal crop which provides human with carbohydrates, 
proteins, minerals, vitamins and fiber (Maclean et al., 2002). However, it is 
nutritionally unbalanced for those who live in developing countries if they depend on 
rice largely or solely in their diet since rice is natural deficiency in certain essential 
amino acids especially lysine (Lys) (Millward, 1999). For children living in 
developing countries, protein-energy malnutrition (PEM) is the most lethal form of 
malnutrition. To alleviate the PEM problem, rice with increased Lys level will be a 
promising approach. 
Lysine accumulation in higher plants is mainly controlled by rate of Lys synthesis 
and degradation. In Lys biosynthetic pathway, four essential amino acids (isoleucine, 
lysine, methionine and threonine) are produced from aspartate through a branched 
pathway. Therefore, the four amino acids are known as aspartate-derived amino acids. 
Aspartate kinase (AK) and dihydrodipicolinate synthase (DHPS) are the two enzymes 
controlling the rate of Lys synthesis. AK is the first enzyme involved in aspartate 
family pathway which includes aspartate as the common precursor and form 
asparagine (Asp), lysine (Lys), threonine (Thr)，methionine (Met) and isoleucine (He). 
AK catalyzes the conversion of aspartate to y5-aspartyl phosphate, in the presence of 
ATP and Mg2+ (Matthews, 1999). DHPS is the first enzyme involved in lysine 
synthesis. It catalyzes condensation of aspartate semialdehyde and pyruvate to form 
dihydrodipicolinic acid (Matthews, 1999). DHPS is the major enzyme regulating 
lysine synthesis because it is more sensitive to lysine inhibition than aspartate kinase 
(Matthew and Widholm, 1978). 
In general, three strategies are known for production of plants with enhanced Lys 
concentration. First, the traditional plant breeding program has been used to select 
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plants with improved protein quality. The opague-2 natural mutant is an excellent 
example of such simple, traditional but effective approach (Ferreira et al., 2005). 
Some have used mutagenic compounds (like sodium azide) to induce mutations in the 
seeds, and mutants might exhibit AK or DHPS isoenzymes feedback-insensitive to 
Lys (Heremans and Jacobs, 1997 and Molina et al. ,2001). The third approach is to use 
the natural feedback-insensitive enzymes to produce transgenic plants. The commonly 
used genes for engineering are Escherichia coli and Corynebacterium glutamicum 
lysine feedback-insensitive AK and DHPS. In barley (Brinch-Pedersen et al., 1996)， 
canola (Falco et a!,, 1995)，soybean (Falco et al., 1995) and maize (Falco, 2001), 
soluble lysine accumulation were observed when lysine feedback-insensitive AK or 
DHPS was expressed in the transgenic seeds. 
In this study, I focus on engineering the Lys biosynthetic pathway. Nine gene 
constructs were designed and transformed into rice (japonica 9983). AK and DHPS 
genes were first cloned from immature rice seeds and then modified for insensitivity to 
Lys inhibition according to those nucleotide changes found in mutants from other 
species by overlapping technique. If feedback-insensitive AK and DHPS can be 
engineered and expressed in rice, free Lys is expected to be enhanced. 
2 
Chapter 2 Literature Review 
2.1 The importance of rice 
Rice is a very important cereal crop which provides human with carbohydrates, 
proteins, minerals, vitamins and fiber (Maclean et al., 2002). In 1966, rice was the first 
agricultural commodity to be declared Crop of the Year by United Nations. In 2004, it 
was the second time that the United Nations had designed a year for rice (Cantrell, R.P., 
2004). These recognitions are due to the fact that rice is the staple food for 
approximately 70% of the world's 1.3 billion poor people who live in Asia. In 2009， 
640 million undernourished people living in Asia were dependent on rice as their most 
important commodity in their daily lives (Maclean et al, 2002). Rice not only provides 
21% of global human per capita energy but also gives 15% of per capita protein 
(Maclean et al, 2002). 
Asia accounts for 60% of global population, about 92% of the world's rice 
production and 90% of global rice consumption. With aggregation in human 
population, however, world's annual rice production will have to increase markedly 
over the next 30 years so as to keep up with population growth (Maclean et al., 2002). 
Today there is more than enough food theoretically but the problem is that food is 
not produced and distributed equitably (WHO/NHD, 2000a). Because of the uneven 
food distribution, it leads to malnutrition problem in developing countries. 
Malnutrition affects up to 800 million people, which is 20% of all people in 
developing world (WHO/NHD, 2000a). 
Protein-energy malnutrition (PEM) is the most lethal form of malnutrition, with 
children as its most visible victims. In 1990s, the goal was set to reduce global 
malnutrition to less than 16.1%, that is 87 million under-five malnourished children. 
The 2000-goal was set at 50% reduction in 1990's level. However, in 2000, there were 
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still 149.6 million children under five years old, that was 26.7% of the world's children 
undernourished (WHO/NHD,2000b). Therefore, the progress in reducing PEM among 
young children and infants during the last 20 years was quite slow. In the twentieth 
century, PEM still affected every fourth child worldwide, with 25.6% was 
underweight and 32.5% was stunted (WHO/NHD, 2000a). 
2.2 Limitation of essential amino acids in rice 
There is a complete set of 20 amino acids that are required for building proteins. In 
human and monogastric animals, they cannot synthesize 10 amino acids including 
cysteine (Cys), isoleucine (He), leucine (Leu), lysine (Lys), methionine (Met), 
phenylalanine (Phe), threonine (Thr), tryptophan (Try), valine (Val) and alanine (Ala). 
These amino acids are thus named essential amino acids. Sometimes, histidine is also 
known as an essential amino acid for young children, however, whether it is essential 
for adults is still uncertain (WHO/FAO/UNU, 2007). As human and monogastric 
animal cannot synthesize the 10 essential amino acids, they have to obtain them from 
dietary intake (Sun, 1999). Cereal crops, the world's largest food source, unfortunately 
contain low level of certain essential amino acids. Among these cereals, rice, wheat 
and maize are the world's largest food providers, but they are inadequate in certain 
essential amino acids, especially lysine and threonine (Table 1). 
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Table 1. The essential amino acid composition of cereal grains or flours 
compared with WHO recommendation values 
Amino acids W h e , Maize'^  Rice^ Rarleya 而〜om臓dation 
Cysteine ^ 3.13 ~ Z 2 zJe 
Methionine 1.34 2.04 2.2 ^ 
Lysine 1.98 3.25 4.0 3 m s l 
Isoleudne ^ 3.62 J T J ^ 
Leucine 6.74 11.64 8.5 T ^ ^ 
Phenylalanine 5.07 4.88 5.4 ^ 
lyrosine 2.60 2.34 4.9 — 
Threonine 2.74 3.93 3.8 ~ T ^ l Zo 
Tryptophan 1.12 0.94 L2 1.99 l o 
Valine ^ 4.89 7.0 ^ 
N content (%) of 
sample 2.39 1.34 1.46 1.49 
^Results are for flour samples, which are derived predominantly from the endosperm, 
expressed as g/100 g recovered amino acids. Cysteine and methionine were 
determined after performic oxidation. 
^Results from dehulled grain 32days after flowering expressed as g/16 g N. Cysteine 
was determined as cysteic acid. 
VlOO g protein. 
dValue for cysteine and methionine together. 
®Value for phenylalanine and tyrosine together. 
(Adapted from Galili and Larkins, 1999) 
Table 1 (Galili and Larkins, 1999) shows that wheat, rice, maize and barley are 
nutritionally unbalanced for human if they depend on these cereal crops solely in their 
diet according to WHO recommendation. Take rice as an example, it is deficient in 
Lys and Thr, with Lys being the most limiting one. Because rice is having a natural 
deficiency in lysine, efforts were made to enhance lysine content in rice, producing 
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high-lysine cereal crops. It is a possible way to help solve the problem of malnutrition 
in developing countries (Galili et al., 2002). 
2.3 Lysine biosynthetic pathway 
Four essential amino acids (isoleucine, lysine, methionine and threonine) are 
produced from aspartate through a branched pathway. Therefore, the four amino acids 
are known as aspartate-derived amino acids. Because of their nutritional importance, 
their synthetic pathway has aroused much scientific research than other plant amino 
acid biosynthetic pathways. Lysine is the one being most stringently regulated in 
cereal crops. Besides, Lys is also subjected to the saccharopine degradation pathway. 
2.3.1 The biosynthesis of aspartate 
Aspartate is the entry point for the aspartate family pathway. It is an intermediate 
product derived from plant nitrogen assimilation. According to Lea and Ireland (1999), 
higher plants assimilate 95% nitrogen source into organic form by the incorporation of 
ammonia into glutamine (Gin) and later convert it into glutamate (Glu) through the 
GS-GOGAT cycle. Higher plant processes GS (glutamine synthetase) and GOGAT 
(glutamine-2-oxoglutarate aminotransferase). The two enzymes have specific roles in 
primary nitrogen assimilation and ammonia recycling (Hirel and Lea, 2004). 
Figure 1 shows the role of GS in catalyzing ATP-dependent conversion of Glu to 
Gin with the use of ammonia as subatrate: 
NH3 + Glutamate + ATP Glutamine + ADP + Pj 
GOGAT catalyzes conversion of Gin and 2-oxoglutarate to 2 glutamate in a 
reductant-dependent manner (Figure 1): 
Glutamine + 2-oxoglutarate + NADPH + H+ "> 2 glutamate + NAPD+ 
6 
i Q H m 
2-oxogiutarate + H ^ ADP+Pi+H20 
^ y s ^ ^ l ^ m m i T Glutamine 赫 ^ l i l a & g ^ i g ^ S i S i i 
^^V synthetase ( G S ) 
W NH3 + ATP I b . . 誦 
Glutamate 
Figure 1. Higher plant ammonia assimilation pathway 
GS (glutamine synthetase) and GOGAT (glutamine-2-oxoglutarate aminotransferase) 
are the two enzymes involved in ammonia assimilation in higher plants. They 
correspond for the interconversion of glutamate (Glu) and glutamine (Gin). 
y^'^O'T • NO2一 • NH3 a N2 
/ I _ _ ^ 
/ , , SHRIKE 
/ GLUTAMNE 
, z Z y � 
\ ASPARAGINE Z . 
\ GLUTAMATE • GLYCINE 
\ J y ^ — V I — 
Z transamination 
i A V ^ 
ASPARTATE | _ _ [ALANINE 
a^ artaite family pathir ay 
(Adopted from Lea and Ireland, 1999) 
Figure 2. Routes for nitrogen flow in amino acid synthesis 
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In Figure 2，as ammonia is incorporated into Glu, nitrogen is directed to aspartate 
(Asp) and alanine (Ala) by the action of asparagine synthetase (AS) and asparagine 
aminotransferase (AAT) (Lea and Ireland, 1999). For the synthesis of other amino 
acids，Glu, Asp and Ala become their nitrogen source. 
2.3.2 Aspartate family pathway 
According to Azevedo et al (1997), aspartate is the common precursor for the 
synthesis of five amino acids, including Asp, Thr, Lys, Met and lie. As there is low 
concentration of Lys and Thr in cereal crops, researches have been focused on 
understanding the genetic and biochemical control of aspartate family pathway in 
which essential amino acids are synthesized (Azevedo and Lea, 2001). As shown in 
Figure 3, the first enzymatic reaction is phosphorylation of aspartate and production of 
yS -aspartyl phosphate. The reaction is catalyzed by aspartate kinase (AK). The 
yS-aspartyl phosphate is then converted to -aspa r ty l semialdehyde (ASA) by the 
action of aspartate semialdehyde dehydrogenase. From this point onwards, the 
pathway is splitted into two branches with one producing Thr and lie and the other one 
producing Met. In the synthesis of Lys, after ^  -aspartyl semialdehyde (ASA) is 
formed, a series of 7 enzymatic steps are followed with dihydrodipicolinate synthase 
(DHPS) initiating the reactions. In the other branch of the pathway, -aspartyl 
semialdehyde (ASA) is reduced to homoserine and the reaction is catalyzed by 
homoserine dehydrogenase (HSDH). ASA is a common substrate for DHPS and 
homoserine dehydrogenase (HSDH) with HSDH as a relatively weaker competitor for 
aspartate semialdehyde. Next, homoserine is phosphorylated to form 
0-phosphohomoserine by the enzymatic action of homoserine kinase (HK). Then, it is 
further converted to Thr by threonine synthase (TS). After the production of Thr, five 
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enzymatic reactions are followed and lie is produced. In the separate branch of 
aspartate family pathway derived from 0-phosphohomoserine, three enzymatic 
reactions are involved in the synthesis of Met. The three enzymes involve are 
cystathionine 7 -synthase (CS), cystathionine /? -lyase (CL) and methionine synthase 
(MS). As Met is synthesized, there is a reaction catalyzed by S-adenosylmethionine 
synthetase, in which S-adenosylmethionine (SAM) is synthesized. SAM is a major 
plant methyl donor (Hofgen et al, 2001). 
iGLUTAMATEl P A R ^ E 丨 
\ asparasinase^ 
••^^•••^^••••••ivai^Ma ^^ asparasjne synthetase 
……"； IASPARTATEI 
^ j , ytspartate kinase (AKI-HSDHI/AKII/AKIII)卜 
2,3-dihvdrodiDicoIin n I 丨 P-aspartyl phosphate j 
dihydrodipicolinat • ： 
e reductase � j \ iN. � aspartate-semialdehvde \ DiDeridine-2,6-dicarbox j j 3-aspartyI semialdehyde ： 
piperidine \ ： | 
dicarboxylase acylase ” ： ： ，�homoser im dehydrogenase (R) (AKI-HSDHI) ： 
N-acvl-2-ainino-6-oxoDime ： ： homoserine ,•••••••• * 
• I ； a 
acyldiaminopimelate J ： ••• : ： 
aminotransferase ^ ^ ： ： ^ ^homoserine kinase • ： 
N-acyl-2,6-diaininommel j j O-phosphohomoserin 減•cysthanthionine j 
acyldiaminopimelate ： j ： 
deacylase，� ： ： ^threonine synthme •: 
• • I "p 11 p C MIM • ，r • LX-2«6-diamino0iine ： '""I ‘ \ | 
• • hoiTiocv 对於 jftP • 
diaminopimelate ： threonine dehydratase ： 
—erase | 丨 丨 + \ methionine j 
meso-2,6-diaminoDiin j ： 2-oxobutyrate • � synthase j 
diaminopimelate ： • acetolactate synthase • • ： 
decarboxylase ，� ： 三 ^f � I METHIONINE I '' 
, .： I 2-acetohvdroxvbutv � ： 
• Lvsine : ‘ , j . , \ methionine ： 
^ ‘ ： acetohydroxyacid reductoisomerase � adenosvl 
lysine-ketoglutarat j I \ transferase :: 
e reductase (LKR) + ： 2,3-dihvdroxv-3-methvlvaler • i 
I S-adenosvlmethioni -
saccharopine ： dihydroxy-acid dehydratase 
saccharopine ； y 
dehydrogenase (SDH) : T I 2-oxo-3-methvlvaler 
2-aminoadipate : , , j i • ^ 
： branched chain aminotransferase 
semialdehyde + glutamate | + 
^-IISOLEUCil^ 
(Adopted from Azevedo, 2002) 
Figure 3. Aspartate family pathway in plants 
Regulatory points are indicated as ( ••…)for feedback inhibition or repression and 
( _ . - . ) for enzyme activation 
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2.3.2.1 Aspartate kinase (AK) 
Aspartate kinase (AK) is the first enzyme involved in aspartate family pathway 
which includes aspartate as the common precursor to form Asp, Lys, Thr, Met and lie. 
AK catalyzes the conversion of aspartate to /3-aspartyl phosphate, in the presence of 
ATP and Mg2+ (Matthews, 1999). 
AK has been characterized at both biochemical and molecular level in higher 
plants (Azevedo and Lea, 2001), for example, Arabidopsis thaliana (Frankard et al., 
1997). Barley (Lea et al., 1992), carrot (Wilson et al, 1991)，coix (Lugli et aL, 2002), 
maize (Azevedo et al，1992a) and rice (Teixeira et al, 1998). In plants, AK possess at 
least 2 isoenzymes, one is lysine-sensitive isoenzyme while the other one is threonine 
sensitive (Azevedo et al., 1997). In the study of barley and maize (Lea et al., 1992 and 
Azevedo et al., 1992a), three AK isoenzymes were noted in these plant species with 
lysine-sensitive AK appears in two different forms and with one threonine-sensitive 
AK. 
According to Azevedo et al., 1997; Azevedo and Lea, 2001; Azevedo, 2002, AK 
isoenzymes show a wide range of molecular weight in different plant species, ranging 
from 104 to 250kDa for AK and 70-190kDa for HSDH. In rice, two AK isoenzymes 
are present with size of 167kDa and 186kDa for lysine-sensitive AK and 
threonine-sensitive AK respectively (Teixeira et al., 1998). 
The lysine-sensitive AK is responsible for 60-80% of total AK activity (Rognes et 
a/” 1980). The lysine-sensitive form of AK is involved in regulation of aspartate 
family pathway and synergistically inhibited by S-adenosylmethionine (SAM). The 
threonine-sensitive AK is responsible for only 10-20% of total AK activity (Rognes et 
al, 1980). Coix is the only exceptional case found to have 55-70% of total AK activity 
carried out by threonine-sensitive form of AK (Lugli et al., 2002). 
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Threonine-sensitive AK was shown to be part of bifunctional polypeptide 
including the threonine-sensitive HSDH isoenzyme (Azevedo et al., 1997). 
AK-HSDH threonine-sensitive bifunctional enzyme was also found in carrot (Wilson 
et al, 1991) and maize (Azevedo et al., 1992b). 
In Arabidopsis thaliana, there are three lysine-sensitive AK {AK-lysl, AK-lys2 and 
AK-lys3) and two threonine-sensitive AK {akthrl and akthr2) (Dewaele et al, 2002). 
Two of the lysine-sensitive AK were found on chromosome 5 at two different loci 
distant of 2CM. The third lysine-sensitive AK was found to locate on chromosome 3. 
AK-fys3 showed high amino acid sequence homology with AK-lys2 (82.8%) and 
^K-lysl (68%). The three genes encoded proteins that are targeted to the chloroplasts 
due to the possession of chloroplast transit peptide (Altschul et al, 1997). Yoshioka et 
a/. (2001) found that ak-lys2 is predominantly expressed over ak-lysl during 
vegetative phase in most organs. The GUS expression profiles showed that both genes 
are expressed in flowers but only ak-lys2 is expressed in fruits. The ak-lys3 gene has 
been shown to express in vascular tissues of leaves and roots. 
The two threonine-sensitive AK (akthrl and akthr2) are bifunctional enzymes 
with AK activity at NHi-side and HSDH activity at the COOH-terminus (Rognes et al, 
2002). The akthrl gene was mapped on chromosome 1 (Ghislain et al., 1994) and was 
found to express in meristems, developing tissues, most of the reproductive organs and 
during seed formation up to dessication phase (Zhu-Shimoni et al., 1997). The akthr2 
gene was found to locate on chromosome 4 (Rognes et al, 2002). The two genes were 
compared for expression pattern by Zhu-Shimoni et al (1997). They were found to be 
simultaneously expressed in meristemic cells, leaves and stamens. However, they 
differed in time-restricted expression and absence of expression of akthr2 in stem, 
gynoecium and during seed formation while akthrl showed lower expression in root. 
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2-3.2.2 Dihydrodipicolinate synthase (DHPS) 
Dihydrodipicolinate synthase is the first enzyme involved in lysine synthesis. It 
catalyzes condensation of aspartate semialdehyde and pyruvate to form 
dihydrodipicolinic acid (Matthews, 1999). DHPS is the major enzyme regulating 
lysine synthesis because it is more sensitive to lysine inhibition than aspartate kinase 
(Matthew and Widholm, 1978) and from previous evidence that mutant or transgenic 
plant with lysine feedback-insensitive DHPS can enhance free Lys level (Frankard et 
fl/., 1992; Shaul and Galili, 1992; Perl et al., 1992; Kwon et al., 1995 and Bittel et al； 
1996). 
InArabidopsis thaliana, there are two genes that encode for DHPS (Craciun et al., 
2000). In maize, it was found that DHPS operates in ping-pong mechanism with 
pyruvate being the first substrate (Frisch et al., 1991). Km of DHPS for aspartate 
semialdehyde ranges from 0.6mM to 1.4mM in different plant species (Kumpaisal et 
fl/., 1987; Frisch et al, 1991 and Dereppe et al.，1992). DHPS activity was found to be 
competitively feedback-inhibited by Lys relative to aspartate semialdehyde 
(Wallsgrove and Mazelis, 1981; Bryan, 1990 and Dereppe et al.’ 1992). 
In plant, molecular weight of DHPS ranges from 115 to 167kDa. Previous report 
indicated that there is no distinct isoenzyme of DHPS in plant but there were DHPS 
isoenzymes found in wheat (Kaneko et al., 1990). From gel filtration chromatography, 
a single 123kDa DHPS was eluted and could be further separated into four 
polypeptides having size range from 32kDa to 35kDa. In wheat, two cDNA clones 
encoding for two DHPS subunits were isolated (Matthews, 1999). They shared high 
amino acid sequence homology of 94% with one another. The deduced protein sizes 
were 35.76kDa and 35.79kDa. When these two sequences were compared with maize 
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DHPS cDNA clone which encodes for a 38.5kDa protein, they showed 86-88% 
homology. 
In previous study, Escherichia coli cells were transformed with maize 
lysine-sensitive DHPS which was then mutagenized and grew on AEC selection 
medium (Shaver et al., 1996). Fifteen mutant clones were sequenced and found to 
have single base pair substitution at positions 157，162 and 166 in maize DHPS 
sequence which yielded feedback-insensitive DHPS. Mutations mimicking N. 
sylvestris lie to Asp substitution, the maize Ala to Val substitution, and both 
substitutions together were created in soybean DHPS (Silk and Matthews, 1997). In 
the three cases, they successfully generated soybean DHPS insensitive to lysine 
feedback-inhibition. From the results, it was concluded that the 10 amino acids 
conserved region as shown in Figure 4 defines the lysine binding domain and amino 
acid substitution in this region might cause loss of lysine inhibition of DHPS activity 
(Matthews, 1999). 
^ ' c e S r J S T R E A I H A 
f . cofi T G A N A T A E A I S L T Q 
W. sylvestris T G S I S T R E A T H A T E Q G 





Soybean wt T G S N S T R E A I H A T E 
D S T I 
DSM V 
DSTM I V 
(Modified from Matthews, 1999) 
Figure 4. Comparison of DHPS mutant sequences from maize and soybean 
Alternations in N. Sylvestris and maize wild-type DHPS DNA sequence have yielded DHPS with 
decreased sensitivity to lysine. For soybean, mutants mimicking that of maize (DMS), tobacco (DST) 
and both (DSTM) have been obtained. The 10-amino acid lysine binding domain is in bold. 
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2.3.2.3 Other enzymes 
For threonine synthesis in plants, 0-phosphohomoserine is the last common 
intermediate for Thr and Met synthesis. However, in bacteria and fungi, homoserine is 
the branch point intermediate for synthesis of Thr and Met. Therefore, threonine 
synthase (TS) is the branch point enzyme leading to synthesis of Thr but not in the case 
of bacteria and fungi. TS competes with cystathionine- 7 -synthase (CS) for 
0-phosphohomoserine. According to Thoen et al (1978); Giovanelli et al (1984) and 
Curien et al (1996), TS is activated in low concentration of SAM and inhibited by 
cysteine. SAM is synthesized from Met directly. With a high concentration of SAM, it 
stimulates TS activity and draws 0-phosphohomoserine towards Thr synthesis. 
However, it is not the case in bacteria and fungi (Matthews, 1999). 
Azevedo et al (1997)，showed that TS only slightly affects Thr and Lys synthesis 
but plays important role in regulation of Met synthesis through cooperation with SAM. 
There were other evidences from inhibition of TS activity by antisense approach in 
Arabidopsis (Bartlem et al., 2000) and potato (Zeh et al., 2001). The results showed 
that knocking down TS in Arabidopsis and potato resulted in overproduction of free 
Met. 
Met is synthesized in different ways in yeast and plants. In yeast, Met is synthesized 
by direct sulfhydration of 0-acetylhomoserine. However, plants synthesize Met 
through transulfliration pathway from cysteine (Matthews, 1999). Cystathionine- 7 -
synthase (CS), cystathionine- -lyase (CL) and methionine synthase (MS) are the 
three enzymes for Met synthesis in plants. CS was found to be the main regulatory 
point for Met synthesis. In high concentration of Met or presence of Thr and Lys, CS 
expression was suppressed (Ravanel et al., 1998). 
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2.4 Regulation of lysine content in plants 
For Lys accumulation in plants, both the rates of Lys synthesis and degradation play 
essential roles. Due to the fact that DHPS is more sensitive to AK towards 
lysine-feedback inhibition, the rate of Lys synthesis is primarily governed by 
lysine-sensitive DHPS instead of lysine-sensitive AK in aspartate family pathway. In 
the case of cereal crops, they can accumulate free Lys up to a level that inhibits AK 
activity. It provided further evidence that lysine-sensitive AK has little influence over 
Lys production in the presence of AK. However, it was found that AK plays important 
role in Lys synthesis in bacteria because of the high tolerance of bacterial DHPS and 
DHPS in bacteria can even be regarded as a lysine-feedback-insensitive enzyme. 
Lysine-ketoglutaric acid reductase (LKR) and saccharopine dehydrogenase (SDH) 
are the two consecutive enzymes that start Lys catabolism (Figure 5). The LKR/SDH 
genes of different plant species encode up to three distinct polypeptides: bifunctional 
LKR/SDH (linked activity), monofunctional SDH and monofunctional LKR 
(Stepansky et aL, 2006). LKR condenses Lys and a-ketoglutaric acid to form 
saccharopine. Later on, it is hydrolyzed into a -aminoadipate - 6 -semialdehyde and 
Glu. In these two steps, transamination reaction of e -amino group of Lys to 
a -ketoglutaric acid, forming the first Glu molecule. Then, a -aminoadipic acid 
aminotransferase transfer a-amino group from a -aminoadipic acid to another 
a-ketoglutaric acid, a second Glu molecule is formed. Acetyl-CoA is formed from 
the remaining carbon and transferred to citric acid cycle and generate another Glu 
molecule eventually (Fornazier et aL, 2003). Recent studies have indicated that lysine 
catabolism plays important role in Lys accumulation in plants, especially in seeds 
(Armda et aL, 2000). From the evidence of Gaziola et al (1997), it was supported that 
LKR and SDH activities in rice were lower than that in maize respectively in 
15 
fresh-mass basis, so Lys concentration in rice was relatively higher than that in maize. 
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Figure 5. Lysine catabolic pathway 
2.5 Enhancement of lysine content in plants 
Plant possesses advanced system to coordinate aspartate family pathway and 
saccharopine pathway to control Lys concentration in tissue-specific manner for 
growth and development. To enhance Lys content in plant, we may modulate 
metabolic flow between the two pathways. 
Several strategies had been used for production of plants with higher Lys 
concentration. First of all, it is the traditional plant breeding program to select plants 
with improved protein quality. The opague-2 natural mutant is an excellent example of 
such simple, traditional but effective approach (Ferreira et al., 2005). Unfortunately, 
the high-Lys mutant has undesirable agronomic characteristics. To overcome this, 
quality protein maize (QPM) was produced. Some had used mutagenic compounds 
(like sodium azide) to induce mutations in the seeds of plants, mutants might exhibit 
AK or DHPS isoenzymes feedback-insensitive to Lys (Heremans and Jacobs, 1997 
and Molina et al., 2001). However, abnormal phenotype was again normally 
associated with mutants with lysine content alternation (Azevedo and Lea, 2001). For 
the third approach, natural feedback-insensitive enzymes were used to produce 
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transgenic plants. The commonly used genes were Escherichia coli and 
Corynebactehum glutamicum lysine feedback-insensitive AK and DHPS. In barley 
(Brinch-Pedersen et al, 1996), canola (Falco et al, 1995), soybean (Falco et al, 1995) 
and maize (Falco, 2001), soluble lysine accumulations were observed when lysine 
feedback-insensitive AK or DHPS was expressed in the transgenic seeds. 
2.5.1 Breeding, selection and naturally occuring mutants 
In varous plant species, mutants that accumulate soluble Lys or Thr in amino acid 
pool had been isolated by growth selection in the presence of lysine analog, AEC 
[S-2-(aminoethyl)-1 -cysteine] or toxic high concentrations of Lys and Thr in culture 
medium (Jacobs et al, 1995). 
Maize is a very imporatnt cereal crop which provides up to 50%-70% ofhuamn 
dietary protein. Because of the low Lys content in maize seeds, much effort had been 
put on identifying high-Lys com varieties. The opaque-2 mutant has long been 
extensively studied after its discovery (Mertz et al, 1964). In this mutant, low levels of 
Lys-poor seed storage protein (zeins) and an increase in Lys- and Trp-rich, non-zein, 
seed proteins (prolamin) and also free Lys and Tip as compared to wild type maize 
were observed (Mertz, 1997). However, the opaque-2 mutant was found to have 
agronomic traits, like reduced yield, soft endosperm that increase disease and insect 
susceptibility, kerenel breakage, alternation in photosynthetic activity (Morot-Gaudry 
et al； 1979) and poor food processing (Glover, 1992 and Munck, 1992). Some 
researchers had introduced modifier genes of opaque-2 phenotype to maize lines, it 
allowed production of maize exhibiting good grain yield, high-Lys and high-Tip traits 
but with a modified-translucent phenotype. The maize line was designated quality 
protein maize (QPM) (Vasal, 1994 and Gaziola et al., 1999). 
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After the discovery ofhigh-Lys opaque-2 mutant, high-Lys barley (Doll et al., 
1974 and Munck et cd., 1970) and sorghum (Singh and Axtell, 1973) were isolated. In 
barley and sorghum mutants, increased total Lys content was achieved as there was a 
shift in spectrum of storage proteins to benefit accumulation of Lys-rich albumins and 
globulins instead of Lys-poor prolamines (Habben and Lakins, 1994). For the barley 
and sorghum mutants, both had undesirable traits like softened starchy endosperm, 
poor grain yield and high susceptibility to pathogens (Galili and Lakins, 1999). In 
1987，Schaeffer and Sharpe selected rice callus cultures resistant to Lys plus Thr 
inhibition. Regenerated plants from these cultures had improved Lys and protein levels. 
The endosperms of the mutants had lower level of 30kDa low-lysine globulin but an 
increase in several high molecular weight globulin cmponents (Schaeffer and Sharpe, 
1990). 
2.5.2 Induced biochemical mutants 
With the knowledge in biochemical and genetic controls of aspartate family 
pathway (Azevedo et al，1997), it allowed researchers to induce and select for Lys and 
Thr overproducing plants through genetic manipulation of key enzymes involved in 
the pathway, including AK and DHPS. Mutants can be selected in cell cultures treated 
with mutagenic agents and selected on solid or in liquid medium with selective agents, 
like amino acids or their analogs added (Fomazier et al., 2003). In 2004, Kim et al 
obtained mutant rice lines resistant to growth inhibition of 
S-2-(aminoethyl)-1 -cysteine (AEC) by calli irradiated with gamma-rays in rice 
embryo culture. In this study, four of the resistant lines showed 26%, 7%, 29% and 
37% increase in amino acid content when compared with wild type rice. The most 
significant amino acid increase in resistant lines were Lys and Tip. The lysine levels of 
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the four lines were 2.66 times, 1.58 times, 2.37 times and 2.29 times higher than wild 
type rice. 
In Arabidopsis (Heremans and Jacobs, 1995), barley (Bright et al., 1982 a and b), 
carrot (Cattoir-Reynaerts et al, 1983) and tobacco (Frankard et al., 1991), mutants 
were isolated from their resistance to Lys and Thr inhibition. They all had a single 
mutation in AK isoenzyme (mostly Lys-insensitive AK). The Thr level in mutants 
ranged from 6-fold in arabidopsis to 70-fold enhancement in barley and tobacco. 
However, their free Lys level did not have significant increase as compared to control 
plants. 
One example that used S-2-(aminoethyl)-1 -cysteine (AEC) to select tobacco 
mutant (RACE-l) had been reported successfully mutated DHPS into Lys 
feedback-insensitive version (Negrutiu et al., 1984). In this mutant, the gene was 
named dhps-rl which had a substitution of two nucleotides changing asparagine to 
isoleucine in the protein conserved region (Ghislain et al., 1995). 
In 2000,a loss-of-flinction DHPS Arabidopsis mutant was obtained. In this mutant, 
it produced less Lys but more Thr, from 3 fold to 6 fold (Cracium et al., 2000). 
2.5.3 Transgenic plants 
Lysine is the most important essential amino acid because it is the most limiting 
amino acid in cereal grains which are major crops worldwide. Therefore, much effort 
had been devoted to genetically engineer Lys metabolism so as to enhance free Lys 
content in seeds of cereal crops. The development of plant transformation and 
regeneration techniques facilitated the production of transgenic crops with engineered 
aspartate family pathway for increased free Lys level. 
To engineer aspartate family pathway in plants, the stragegy of expressing 
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feedback-insensitive enzymes of AK and/or DHPS in constitutive or seed-specific 
manner is mostly used. For earlier research, AK and DHPS either from Escherichia 
coU (Shual and Galili, 1992a and b) or Corynebacterium glutamicum (Falco et al； 
1995) were commonly used. The bacterial dapA gene encodes a naturally 
feedback-insensitive DHPS towards Lys while lysC encodes mutated 
feedback-insensitive AK towards Lys. For plant origin, only one gene {dhpsl66av) 
was employed to produce transgenic plants. Table 2 summarized the recent research on 
producing high Lys plants through transgenic technique. However, like the experience 
from biochemical mutants, transgenic plants expressing feedback-insensitive AK did 
not notably change the free Lys content in plants but varied its free Met and The 
instead (Table 2). Tzchori et al (1996) found that there was no significant change in 
free amino acid content in transgenic Arabidopsis with feedback-insensitive AK from 
E coli. Shaul and Galili (1992b) expressd the E. coli feedback insensitive AK in 
tobacco plant which resulted in 55% enhancement in free Thr level but without any 
significant change in free Lys content. With the use ofPhaseolin promoter in 
expressing the mutated E. coli AK in tobacco, only 16.5% increase in Thr and 3 fold 
enhancement in free Met level were observed (Karchi et al,, 1993). In expressing E. 
coli AK in barley using constitutive promoter (35S), the enhancement of free Lys and 
Met were detected in leaves but not in the seeds of tobacco plant (Brinch-Pedersen et 
Of/., 1996). In 2000，Galili et al. reported that in transgenic Alfalfa constitutively 
expressing feedback-insensitive AK from E.coli, both free and protein-bound Thr 
contents were increased. 
As mentioned in literature review, DHPS is the key enzyme limiting lysine 
synthesis in plant aspartate family pathway. The mutated DHPS commonly used in 
genetic engineering were the dapA gene from Escherichia coli or glutamicum or 
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dhpsl66av from maize. In previous research, these genes might be expressed 
constitutively or seed-specifically in various plant species including rice (Lee et al., 
2001)，barley (Brinch-Pedersen et al, 1996), potato (Perl et al” 1992), tobacco (Shaul 
and Galili，1992 a and b) and maize cell culture (Bittel et al，1996). In barley and rice, 
only insignificant free Lys enhancement was detected. In vegetative tissue of potato, 
there was up to 5 folds increase in free Lys content. 
In 1995, Kwon et al had constitutively expressed feedback-insensitive E. coli 
DHPS in tobacco, resulting in 55 folds enhancement in free Lys content. In transgenic 
canola plant using Phaseolin promoter to drive expression of feedback-insensitive 
DHPS from Corynebacterium glutamicum, a 2-fold enhancement in free Lys content 
was achieved (Falco et al., 1995). In the same study, Falco expressed lysC and 
feedback-insensitive DHPS from Corynebacterium glutamicum under the control of 
Phaseolin promoter, a 5-fold enhancement in free Lys content was observed. In maize 
cell culture expressing dhpsl66av of maize origin, a 4-fold increase in free Lys content 
was reported (Bittel et. al., 1996). In 2001, Falco expressed feedback-insensitive 
DHPS from Corynebacterium glutamicum in maize and obtained a 2-fold 
enhancement in free Lys content. Zhu et al. (2001 and 2003) expressed 
feedback-insensitive DHPS from Corynebacterium glutamicum in Arabidopsis, al2 
-fold increase in free Lys content was achieved. 
In some studies, failure of Lys accumulation in transgenic plants like tobacco and 
barley was reported. It was suspected to be related to Lys catabolism. Karchi et al. 
(1994) found stimulation ofLKR activity in transgenic tobacco. Falco et al ( 1995) 
also detected Lys catabolic products saccharopine and a —aminoadipic acids 
accumulated in transgenic soybean and canola. 
Falco (2001) knockouted LKR/SDH, the key enzyme in Lys catabolic pathway, a 
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10-fold enhancement in free Lys content in maize was observed. In the same study, if 
both CordapA and knockout LKR/SDH were employed, a 60-fold enhancement in free 
Lys content could be observed. In 2001, Zhu et al. used the same approach to produce 
transgenic Arabidopsis, there was a 5-fold enhancement in free Lys content. UdapA 
together with knockout LKR/SDH were employed, up to 80 folds enhancement in free 
Lys content could be obtained. 
In a recent study in rice, Chan (2006) employed the lysC and dapA gene from E. 
coli and RNAi-LKR to produce transgenic rice. Constitutively expressing lysC and 
dapA resulted in 60-70% free Lys enhancement as compared to 0% when 
seed-specific promoter was used. If RNAi-LKR was included in the gene constructs, 
constitutive expression of the three genes resulted in 26 folds as compared to 3-6.6 
folds increase in free Lys when seed-specific promoter was used (Table 2). 
To conclude, data from previous research revealed that constitutive expression of 
feedback insensitive AK and DHPS would result in higher free Lys enhancement when 
compared with seed-specific expression in most cases. In addition, knockdown the 
LKR/SDH enzyme would lead to a further boost in free Lys content in transgenic 
plants. 
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Table 2. Transgenic plants for lysine enhancement 
r ^ H d s t plant Promoters Phenotype Amino acid References 
1 — 
E.cob DHPS dapA Potato 35S Not mentioned 8% Thr Perl etal, 1992 
E.coli DHPS dapA Tobacco 35S Young stage 56% Lys Shaul and Galili, 
abnormal 1992a 
E.coli AK lysC Tobacco 35S Abnormal 55% Thr Shaul and Galili, 
1992b 
E.coli AK lysC Tobacco Phaseolin Normal 16.5% Thr Karchi et al., 
1993 
E coli AK and LysC and Tobacco 35S Abnormal 2.5fold Thr Shaul and Galili, 
DHPS dapA I993 
Corynebacterium CordapA Canola Phaseolin Poor 200% Lys Falco et al, 
glutamicumDH?^ germination 1995 
E.coli AKmA LysC and Soybean Phaseolin Abnormal 500% Lys Falco et al, 
Corynebacterium CordapA I995 
glutamicumDWPSt 
E.coli DHPS dapA Tobacco 35S Not m e n t i o n e d 5 5 f o l d Lys Kwon et al, 
1995 
Maize DHPS Dhpsl66avMaize cell 35S ^ 4 fold Lys Bittel etal., 
culture 1996 
E.coli AK and LysC and Barley 35S Not mentioned 2 fold Lys Brinch-Pedersen 
DHPS dapA etal., 1996 
E.coli AK lysC Arabidopsis 35S Normal 0% Lys Tzchori et al, 
1996 
E.coli AK Alhalfa ^ Not m e n t i o n e d 8 % Thr Galili et al, 
2000 
Corynebacterium CordapA Maize Embryo Normal 200% Lys Falco, 2001 
giutamicumDHPS specific 
LKR/SDH LKR/SDH Maize Embryo Normal lOfold Lys Falco, 2001 
knockout specific 
Corynebacterium CordapA Maize Embryo Normal 40-60fold Lys Falco, 2001 
glutamicumDHPS and specific 
and LKR/SDH LKR/SDH 
knockout 
Maize DHPS Dhpsl66av^ 35S Poor germination 2.6-4 fold Lys Lee etaL,200\ 
GluB-1 Normal 0 % Lys 
E.coli DHPS dapA Arabidopsis Phaseolin Normal 12 fold Lys Zhu et al, 
2001,2003 
LKR/SDH T-DNA Arabidopsis Phaseolin Normal 5fold Lys Zhu et al., 
knockout 2001,2003 
E.coli DHPS and dapA Arabidopsis Phaseolin Poor 38fold Met and 80 Zhu et al, 
LKR/SDH cross germination & fold Lys 2001,2003 
knockout T-DNA abnormal 
young stage 
E.coli AK and E. LysC and BAce GluB-1 Normal 0% Lys Chan, 2006 
coli. DHPS dapA Gt-1 
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£ . c o / / A K a n d £ . LysC md Rice p S S [ n ^ 60-70% Lys Chan, 2006 
coli. DHPS dapA 
E.coliAK,E.coli. LysC, ^ Qh^l N ^ 3-6.6foid Lys Chan, 2006 
DHPS and dapA and Gt-1 
RNAi-LKR RNAi-LKR 
Ecol激,E. Z ^ ^ ^ N ^ 26-fold Lys Chan, 2006 
coli. DHPS dapA and 
RNAi-LKR RNAi-LKR 
2.6 Hypothesis 
Rice has natural deficiency in certain essential amino acids especially Lys. 
Previous research has elucidated that in higher plants, Lys is synthesized in the 
aspartate family pathway. AK and DHPS are the two key enzymes controlling the rate 
of plant Lys biosynthesis, however, they are both feedback-inhibited by Lys itself. In 
this study, I aim at generating transgenic rice seeds with enhanced Lys level by 
expressing feedback-insensitive AK and DHPS of rice origin. The 
feedback-insensitive rice AK and DHPS will be generated by mimicking the 
nucleotide changes as found in mutants from other species. The hypothesis to be tested 
in this study is: transgenic expression of the modified rice AK and DHPS will lead to 
increase in free Lys content in rice. 
To test this hypothesis, the following experiments will be conducted: 
(1) Generation of feedback-insensitive rice AK and DHPS by mimicking nucleotide 
changes as found in other species by overlapping PGR technique; 
(2) Transgenic expression of mutated feedback-insensitive AK and DHPS in 
seed-specific manner; and 
(3) Free amino acid analysis of transgenic rice lines. 
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Chapter 3 Materials and Methods 
3.1 Introduction 
The AK and DHPS cDNA were cloned from RNA extracted from Japonica 9983 
by RT-PCR. The expression of AK and DHPS were driven by Glutelin-1 promoter in 
transgenic rice. The free lysine content of mature transgenic rice seeds was measured 
by amino acid analyzer. 
3.2 Chemicals 
All chemicals used were of reagent grade or molecular grade and purchased from 
BIO-Rad Co. (USA), Sigma-Aldrich Chemical Co. (USA) or Roche Diagnostics 
Corporation (USA) unless otherwise specified. Restriction enzymes were obtained 
from New England Biolabs or Promega. The Taq DNA polymerase, 5X PGR buffer, 
25Mm MgCl2, DTT, dNTPs, M-MLV-reverse transcriptase, 5X M-MLV buffer, DTT, 
RNAase inhibitor were obtained from Promega Bioscience (USA). 
3.3 Bacterial strains 
E. coli DH5 a and B121 were used for chimeric gene construction and p ET 
expression experiment respectively. Agrobacterium tumefaciens strain EHA105 was 
used in rice transformation (Liu, 2002). 
3.4 Cloning of AK and DHPS cDNA 
3.4.1 Plant materials 
Japonica 9983 was grown in green house at CUHK greenhouse and experimental 
field (Gene Garden). lODAF immature rice seeds were harvested and stored at -80°C 
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for mRNA extraction. 
3.4.2 RNA extraction 
Total RNA was extracted from lODAF immature Japonica 9983 rice seeds by the 
method described by Dr Q. Q. Liu (Liu, 2002). The quality of the extracted RNA was 
checked by RNA gel electrophoresis in 1% agarose/formaldehyde gel. 
3.4.3 RT-PCR amplification of AK and DHPS cDNA 
Based on the DNA sequence of AK (AK073189) and DHPS (L77616) from NCBI 
database (Figures 6,7), gene specific primers were designed respectively. For AK 
cloning，gene specific 5' primer (AK-forward: 5' AGG ATC CAT GGC GAT CGC 
TCT CCG ATT 3，）and 3，primer (AK-Reverse: 5'AG A GCT CTC AGC TCA TGT 
GAA GGG CTT 3') were designed. For DHPS cloning, gene specific 5' primer 
(DHPS-Forward: 5' AGG ATC CAT GCAACA CTC TGA CAC AG 3') and 3，primer 
(DHPS-Reverse: 5，AGA GCT CTT AAT ACC TAG TGA TCA AC 3，）were designed. 
The 3, primers were used to generate first strand cDNA and the 5, primers were used to 
make AK and DHPS cDNA respectively. In the RT-PCR amplification, DNase 
digestion of total RNA was done by mixing 1 ji g RNA with IX DNase I buffer and 1 
unit DNase. The 8 fi 1 reaction mixture was incubated at room temperature for 15 min. 
After that, 3.3 mM EDTA was added to stop the DNase reaction and then further 
heated at 65°C for 10 min. This was followed by adding 2.5 mM 3，primer 
(AK-Reverse and DHPS-Reverse) correspondingly and heated at 65�C for 5 min. 
Later on, 5 mM dNTPs, 10 mM DTT, 40 units ofRnasin® Ribonuclease Inhibitor 
(Promega), IX M-MLV buffer and 400 units of M-MLV Reverse Transcriptase 
(Promega) were incubated at 42°C for 1.5 hour. 
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PCR amplification was carried out separately under the same conditions for AK 
and DHPS separately. They were carried out i na25 / / l reaction mixture containing 2.5 
// 1 first strand cDNA, 1 mM5' Primer (AK-Forward and DHPS-Forward), 1 mM 3’ 
Primer (AK-Reverse and DHPS-Reverse), IX PCR buffer, 1 mM MgCls, 0.1 mM 
dNTPs, 1 Unit Taq polymerase under the condition of 95�C for 5 min, then 34 cycles at 
950c for 1 minute，55°C for 1 minute and 72�C for 1 minute, followed by 72�C for 10 
min. The cDNA amplified was excised from agarose gel and cloned into pGEM®T 
vector for sequencing. Cycle sequencing was performed using ABI PRISM® 
dRhodamine Terminator cycle sequencing kit (Applied Biosystems) and analyzed 
using ABI PRISM® 3100 Genetic Analyzer (Applied Biosystems) as described in the 
user manual. 
3.4.4 Sequence modification of AK and DHPS cDNA 
After confirmation of the AK and DHPS gene sequences by DNA sequencing, 
specific sequence modifications were performed by overlapping PCR technique 
(Figure 8). Specific primers were designed for nucleotide modifications (Table 3). The 
modified genes were excised from agarose gel and cloned into pGEM®T vector for 
sequencing. Cycle sequencing was performed as described previously. 
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1 t acag tgagc t c c c c t c t c c c t c t c t c a c t c t a c c a a a c t gcagaggaga ggagaatggc 
61 g a t c g c t c t c cga t t agcgg ccgcgccgct ccgcc tccgc c t c g t c t c g c cggcccc tcc 
121 g f c g a t c g g c ggcgcgggag atggaggacg acgaggagga ggaggagcag c t c g t a t c g g 
l&l t g t c c t g g g c agggctcgc t gccgccgccg ccgcggcgga ggcgggagac tggaggtggc 
ggcggcggcc gccga tgac t c c g c t c g c t g tcgggccaag ggd.gtgggcg ccgccgccgc 
301 cgcgfcggaa a c c c t a g f t g sga tcgggg t gggaggtggg gaccagc tga gcg tgg tga t 
361 g a a g t t c g g g ggg tcg tcgg \g\cgxcggc ggcgaggatg cgggaggtgg cgggcctca t 
421 c c t c g c c t t c cccgaggagc g c c c c g t c g t c g t c c t c t c c gccatgggga agaccaccaa 
4&1 t c t c c t c c t c cxcgciggxg agaaggcagt ggg^Xgcggc g t g a t c c g t g t t t c g g a a a t 
541 tgaagagtgg a a t t t g a t c a a a g a t c t a c a c a t t a a a a c t g tggaggaac t t g c a c t ^ c c 
601 a a g a t c t g t a a t a c a c a c t a t g c t g g a t g a actggagcag c t c t t g a a a g g t a t t g c a a t 
661 ga tgaaagag c t g a c a c t t c ggaccac tga c t a c c t t g t t t c a t t t g g g g a g t g c a t g t c 
721 t a c a c g g a t t t t t g c t g c t t a t t t g a a c a a aa tcggag ta aaagcacggc agtacgacgc 
781 a t t t g a t a t t g g t t t c a t a a caacagacga t t t c g g a a a c g c g g a c a t c t tggaggcaac 
841 t t a t c c t g c t g t t gcgaaga g a t t a c a t g g a g a c t g g a t t c g t g a t c c a g c g a t a c c t a t 
901 t g t t a c t g g g t t c c t t g g g a agggctggaa a tcaggcgct g t a a c c a c t t taggccgagg 
961 tggcag tgac t t g a c t g c t a c a a c c a t t g g t aaagccc tg ggg t tgagag a a a t t c a g g t 
1021 a tggaaaga t g t t g a t g g t g t a c t g a c c t g t g a t c c a a a t a t c t a c c c g a a tgcaaccac 
1081 t g t g c c a t a c t t a a c a t t t g aagaggcagc a g a a c t t g c t t a t t t t g g t g c c c a g g t a t t 
1141 aca t ccacaa t c t a t g a g a c c tgc t agaga a g g t g a t a t a ccagtcaggg t t a a g a a t t c 
1201 g t a c a a c c c t aaagc tccag ^ c a c c c t g a t cac taaacaa agagagatgg a t a a g g t t g t 
1261 g c t a a c t a g c a t a g t g c t c a a g t c a a a t g t c a c t a t g t t g g a t a t a g t a a gcac tcgga t 
g c t t g g t c a a t t t g g t t t t c tggcaaaggt c t t c t c t a t a t t c g a a g a t c t aggga t a t c 
13&1 t g t a g a t t g t g tggc tBc ta g t g a a g t t a g t a t t t n t g t g tcgfe t t f r^ t r ca tcaaaga t 
1441 ctggagcagg g a a c t t a t t c aacaggaact t g a c c a t g t a g t t g a a g a g c t t gagaaaa t 
1501 t g c a g t t g t a c a t c t a c t t c agcagagggc a a t a a t a t c a c t c a t t g g a a acgtacggcg 
1561 a t c a t c t c t t a t a c tggaaa a g g c c t t t c a ag tg t t gagg aaaagcgggg t g a a t g t c c a 
1621 g a t g a t c t c g caaggtgca t c caagg t t a a c a t g t c t c t g a t t g t t c a t g atagcgaggc 
1681 aaagcagtgc a taaaggccc tccaccaggc g t t c t t c g a g g a c g a t g t c c tgacagaagt 
1741 cgaggaagaa g c c c t t c a c a t g a g c t g a t c a g c t t a g t c c g t a c a a c c c c agaaaaacaa 
1801 a t a t t g c a a c ctggagcagg t t t t c t a g c a tcgcc tccag t t a t t t t t t c a c t c g t a t g a 
1861 c c a g c a t t c g a t g c g t t f t t t c c t c g c t a g t t c a g g t g g t t t a g t t t g a c a t t t g g t a g c 
1921 t c g a t c t g t t t t t t a c c a g g a tgcaaaacg ac tggagcat gcg tcacaag t t c c t c g c t t 
1981 g a a t g t g c t t t c a c t t t g g a t c t a a a g t g c c t t a a a a g t a t t a a a a a a a c t t g a t c t 
Figure 6. AK gene sequence 
The DNA sequence of AK (NCBI, AK073189) is 1713 bps in length, encoding for 570 
amino acids. The putative lysine binding domain of AK is boxed in red colour. 
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1 atgcaacact ctgacacaga caaatattca tacaggatta gcagaggaaa gttttcagtg 
61 acggccatct ccctggatga ttatcttcca atgcgaagta gtgaagtgaa aaatcggaca 
121 tcaacaggtg atatcactag cctcagagta ataacagcgg ttaaaacccc ttatctgccg 
181 gatggaagat ttgatcttga agcatatgat tcgctgataa acatgcagat tgaaggtggt 
241 gctgaaggtg taatagtggg aggaacaaca ggagagggcc acctgatgag ctgggatgaa 
301 cacatcatgc ttattgggca tacagttaac tgctttggca ctaaaattaa agtggtcggc 
361 aacacaggaa gtaactcaac aagggaggct attcacgcaa ctgagcaggg attcgctgta 
421 ggtatgcacg cggctctcca catcaatcct tactacggga agacctccgt cgaagggttg 
481 atctcccatt ttgaggctgt tctcccaatg ggtccaacca tcatttacaa tgtgccatcc 
541 agagactggc aagacatacc acctcctgtg attgaggcgg tttcctctta tacgaacatg 
601 gcaggtgtca aagaatgtgt tggacatgag agggttaagt gctatgctga cagaggaata 
661 agcatatgga gtggtaatga tgatgaatgc catgagtcta ggtggaaata tggtgccact 
721 ggagtcattt ctgtagccag caaccttatt cccggtctca tgcatagcct catgtacgaa 
781 ggggagaatg cagcgctcaa tgataagcta cttcctctga tgaaatggtt gttttgccag 
841 cctaatccga ttgcgctcaa caccgccctg gctcagcttg gagtggcaag acccgttttc 
901 agattacctt atgtacctct cccccttgaa aagagggttg agttcgtccg aattgtcgaa 
961 tccattggac gggaaaattt tgtgggtcag aaagaagcaa gggttcttga tgatgatgat 
1021 tttgtgttga tcagtaggta ttaa一 
Figure 7. DHPS gene sequence 
The DNA sequence of DHPS (NCBI, L77616) is 1035 bps in length and encoding for 
344 amino acids. The putative lysine binding domain of DHPS is bolded in red colour. 
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Figure 8. Sequence modifications of AK and DHPS by overlapping PCR 
PGR amplification of AK and DHPS was carried out separately in two different 
reactions. The middle two primers are exactly reverse complement to one another. 
Each reaction yielded one fragment of AK or DHPS. Finally, the two fragments were 
ligated together by an overall PCR with the use of gene specific 5' and 3，primers 
respectively. 
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Table 3. Primer list for AK and DHPS sequence modifications 
AKl-Forward5，CTG TAG ATT GTG TGG CTA TGA AGT ATT TC 3， 
AKl-Reverse 5，GAA ATA CTA ACT TC A CTC ATA GCC AC A ATC TAG AG 3， 
AK2-Forward 5 ’ TAG ATT GTG TGG CTA CTC TTG AAG TTA GTA TTT CTG T 3， 
AK2-Reverse 5 ’ AC A GAA ATA CTA ACT TCA AGA GTA GCC AC A CAA TCT A 3, 
DHPS 1 -Forward 5，GGC AAC ACA GGA AAT AAC TCA ACA AGG 3， 
DHPSl-Reverse5, CCT TGT TGA GTT ATT TCC TGT GTT GCC 3， 
DHPS2-Forward 5, ACA CAG GAA GTA TCT CAA CAA GGG AG 3， 
DHPS2-Reverse5, CTC CCT TGT TGA GAT ACT TCC TGT GT 3， 
DHPS3-Forward 5, TAA CTC AAC AAG GAA GGC TAT TCA CGC A3’ 
DHPS3-Reverse5 ‘ TGC GTG AAT AGC CTT CCT TGT TGA GTT A 3， 
DHPS4-Forward 5 ’ GAG GCT ATT CAC ACA ACT GAG CAG GG 3 ’ 
DHPS4-Reverse5，CCC TGC TCA GTT GTG TGA ATA GCC TC 3， 
DHPS5-Forward 5，GAG GCT ATT CAC GTA ACT GAG CAG GG 3 ’ 
DHPS5-Reverse 5，CCC TGC TCA GTT ACG TGA ATA GCC TC 3, 
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3.4.5 DNA sequencing of AK and DHPS cDNAs 
Two primers (5'AK-Sequencing forward: 5' CAG GCG CTG TAA CCA 3, and 
5'AK-Sequencing reverse: 5, TGG TTA CAG CGC CTG 3,) were designed for 
amplification of the open reading frame of AK cDNA. Cycle sequencing was 
performed using ABI PRISM® dRhodamine Terminator cycle sequencing kit 
(Applied Biosystems) and analyzed using ABI PRISM® 3100 Genetic Analyzer 
(Applied Biosystems) as described in the user manual. 
3.5 Chimeric gene construction for rice transformation 
3.5.1 Plasmids and genetic materials 
Nine chimeric genes were designed and subcloned in the superbinary vector 
pSB130 (Figure 9), which was constructed by Dr. Q. Q. Liu (Agronomy Department, 
Yangzhou University, China) for transforming rice efficiently through 
Agrobacterium-mQdidiXQd method. The construct used in this study was shown in 
Figure 10. The plasmids carrying Gtl seed-specific promoter (Gtl-pro) and Gtl 
terminators (Gtl-ter) were provided by Dr Q.Q. Liu. 
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Figure 9. Schematic diagram of super binary vector pSB130 
The plasmid was constructed by Dr. Q. Q. Liu (2001) with a size of 9739bp. It contains 
two separate T-DNA borders. One T-DNA region is for insertion of hygromycin 
resistant gene (Hyg), a monocot-widely-used selectable marker. The other one 
contains a multiple cloning site. The plasmid also carries a kanamycin resistant gene 
(Kan) for bacterial selection. 
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Figure 10. Constructs to manipulate lysine content in rice seeds 
All the plasmids are for directing AK or DHPS expression in rice endosperms. Gtl 
promoter is from rice glutelin GluA (A-2) gene. AK, the unmodified rice AK gene; 
DHPS, the unmodified rice DHPS gene; AKl and 2, the modified AK gene sequences; 
DHPSl, 2, 3, 4 and 5, the modified DHPS gene sequences. Gtl terminator is the rice 
glutelin terminator. 
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3.5.2 Construction of chimeric genes with seed-specific promoters 
Plasmid pSB1049 is the modified form of pSB130 vector. It was provided by 
Rebecca Chan (CUHK) which carries the bacterial mutated AK gene and pea rbcS-3 
chloroplast transit peptide (TP). The steps for cloning AK and DHPS genes into 
pSB1049 are shown in Figure 11. Through digestion of pSB1049 with BamHI and 
SacI，the bacterial mutated AK gene and pea rbcS-3 chloroplast transit peptide (TP) 
were excised. The AK and DHPS gene sequences were ligated to the digested 
pSB1049. After DNA sequencing and confirmation of correct gene sequences, the 
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Figure 11. Cloning of rice AK and DHPS into pSB1049 
For construction of rice transformation constructs using pSB1049 (provided by R. 
Chan, CUHK, Hong Kong), the bacterial mutated AK gene and pea rbcS-3 chloroplast 
transit peptide (TP) in the original pSB1049 plasmid were first removed. Then the 
modified AK or DHPS gene sequence was ligated into the digested pSB1049. 
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3.5.3 Sequence fidelity of chimeric genes 
Cycle sequencing was performed using ABI PRISM® dRhodamine Terminator 
cycle sequencing kit (Applied Biosystems) and analyzed using ABI PRISM® 3100 
Genetic Analyzer (Applied Biosystems) as described in the user manual. 
3.6 AEC resistance of E. coli expressing modified AK and DHPS 
AEC (S-(2-aminoethyl)-L-cysteine) is the toxic lysine analog. It is structurally 
similar to lysine. Therefore, it can compete with lysine for incorporation into protein 
and only mutant overproducing lysine or defect in uptake of AEC can survive. With 
the use of 12mM AEC in growing medium for E. coli B121 expressing modified or 
unmodified AK and DHPS, if the ones with modified genes can grow better than the 
unmodified ones, it will indicate that the modifications have led to feedback 
insensitive enzymes. For this test, the constructs were cloned by digesting the pET-30a 
vector (Novagen) with restriction enzymes BamHI and Sad and then ligated the PGR 
product ofAK or DHPS gene. Cycle sequencing was performed using ABI PRISM® 
dRhodamine Terminator cycle sequencing kit (Applied Biosystems) and analyzed 
using ABI PRISM® 3100 Genetic Analyzer (Applied Biosystems) as described in the 
user manual. 
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3.7 Rice transformation 
3.7.1Plant materials 
In this study, primary calli from mature seed embryos ofOryza sativajaponica cv. 
9983 were used. 
3.7.2Preparation of Agrobacterium 
A single colony of Agrobacterium EHA105 containing a super binary vector was 
picked into 5ml LB medium with 50mg/L kanamycin and 25mg/L rifamycin and 
incubated at 28°C for 2 days. Freshly-cultured Agrobacterium (50 fi 1) was transferred 
into 10ml LB medium with 50mg/L kanamycin and 25mg/L rifamycin and incubated 
for another 16 hours. Later on, the bacterial culture was centrifliged at 6000 rpm 
(microfUge) for 5 min and pellet was re-suspended in 10ml of lOmM MgCb and 
optical density (OD600) measurement was taken. The suspended bacterial culture was 
then centrifuged again at 6000rpm for 5 min and the supernatant was discarded. The 
bacterial pellet was then re-suspended in 10ml AA medium (2.94g/L KCl, 0.37g/L 
MgS04 7H2O，0.44g/L CaCl2 H20, 0.17g/L KH2PO4, 22.3mg/L MnS04 4H20, 
8.6mg/L ZnS04 7H2O，6.2mg/L H3BO3, 0.83mg/L KI, 0.025mg/L CUSO4 5H2O, 
0.025mg/L C0CI26H20,0.025mg/LNa2Mo04 2H20,2mg/L 2,4-D, 0.228g/L arginine, 
0.226g/L aspartic acid, 0.877g/L glutamine, 0.1 g/L myo-inosital, 0.5mg/L nicotinic 
acid, 0.5mg/L pyridoxine HCl, O.lmg/L thiamine HCl, 0.075g/L glycine, 30g/L 
sucrose, lOg/L glucose, 0.5g/L casein enzymatic hydrolysate, pH 6.0) with 100 //M 
acetosyrigone (AS). Suitable volume of bacterial culture was added to 15-20ml AA 
medium with 100// 1 acetosyrigone (AS), the final concentration of Agrobacterium 
suspension was about 0.2 in ODeoo- The Agrobacterium culture was now ready for rice 
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transformation. 
3.7.3 Agrobacterium-med\2ited rice transformation 
3.7.3.1 Callus induction from mature rice seed embryos 
Mature rice seeds were firstly de-hulled and washed with 70% ethanol for 1 minute 
and then sterilized in 50% chlorox for 90 min with shaking. The seeds were then rinsed 
with sterilized ddlfcO for 3-5 times and blotted dry. Later on, they were placed on 
primary calli induction medium (2.83g/L KNO3, 0.185g/L MgS04 7H2O, 4.4mg/L 
MnSCV 7H2O, 0.4g/L KH2PO4, l.Smg/LZnSCVTHsO, 1.6mg/L H3BO3, 0.8mg/LKI, 
0.166g/L CaCb HzO，0.463g/L (NH4)2S04, 37.3mg/LNa2-EDTA，27.9mg/L 
FeS04.7H20�2mg/L 2,4-D, 0.1 g/L myo-inosital, 0.5mg/L nicotinic acid, 0.5mg/L 
pyridoxine HCl, Img/L thiamine HCl, 2mg/L glycine, 30g/L sucrose, 0.5g/L casein 
enzymatic hydrolysate, 3.5g/L gerite, pH 6.0) and cultivated at room temperature 
under dark for 14-21 days. The primary calli were cut off from the seeds and used for 
rice transformation. 
3.7.3.2 Co-cultivation, selection and regeneration of transgenic rice 
Primary calli were transferred from induction medium onto sterilized filter paper 
in petri dish. They were then dried in hood for 10 min. The calli were then transferred 
into Agrobacterium culture as described in 3.7.2 and kept at room temperature for 15 
min. The AA medium with lOOM AS was pour off and blotted dry on sterilized filter 
paper in petri dish. The calli were transferred onto sterilized filter paper-covered CC 
medium (0.64g/L NH2NO3�1.21 g/L KNO3, 0.245g/L MgSO* 7H2O, 0.59g/L 
CaCb l t O , 0.135g/LKH2P04, 11.2mg/L MnSO* 4H2O, 5.8mg/LZnS04 7H20, 
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3.1mg/L H3BO3, 0.84mg/L KI, 0.025mg/L CUSO4 5H2O, 0.028mg/L C0CI2 6H2O， 
0.024mg/LNa2Mo04 2H20, 2mg/L2，4-D, 37.3mg/LNa2-EDTA, 27.9mg/L 
FeSCU 7H2O，0.09g/L myo-inosital, 6mg/L nicotinic acid, Img/L pyridoxine HCl, 
8.5mg/L thiamine HCl, 3mg/L glycine, 20g/L sucrose, lOg/L glucose, 36.4g/L 
mannitol, 0.05g/L casein enzymatic hydrolysate, 3g/L gelrite, pH 6.0) with 100//M 
acetosyrigone (AS) and incubated at room temperature for 3 days in dark. 
After 3 days, the calli were dried by sterilized filter paper and transferred onto 
selection medium (2.83g/L KNO3，0.185g/L MgS04 7H2O, 4.4mg/L MnSCV 7H2O, 
0.4g/L KH2PO4, 1.5mg/LZnS04 7H20, 1.6mg/L H3BO3, 0.8mg/LKI, 0.166g/L 
CaCl2 H2O，0.463g/L (NH4)2S04, 37.3mg/L Na2-EDTA, 27.9mg/L FeS04 7H2O, 
2mg/L 2,4-D, 0.1 g/L myo-inosital, 0.5mg/L nicotinic acid, 0.5mg/L pyridoxine HCl, 
Img/L thiamine HCl, 2mg/L glycine, 30g/L sucrose, 0.5g/L casein enzymatic 
hydrolysate, 3.5g/L gerite, pH 6.0) supplemented with 500mg/L cefotaxime and 
50mg/L hygromycin. The calli were cultivated at room temperature in dark for 3 
months with subculture every 2 weeks until healthy and yellowish resistant calli were 
formed. 
Resistant calli were transferred onto pre-regeneration medium (Higrow � Rice 
medium, 3.3g/L gelrite) supplemented with 50mg/L hygromycin for 1 week in dark 
and another 1 week under 16 hour light/ 8 hour dark photoperiod at 25°C. After that, 
the calli were transferred onto regeneration medium (2.83g/L KNO3, 0.185g/L 
MgS04 7H2O，4.4mg/L MnSCV 7H2O, 0.4g/L KH2PO4, 1.5mg/L ZnS04 7H2O， 
1.6mg/L H3BO3, 0.8mg/L KI, 0.166g/L CaCl! H2O, 0.463g/L (NH4)2S04，37.3mg/L 
Na2-EDTA, 27.9mg/L FeS04 7H2O，2mg/L kinetin, 1 mg/L NAA, 0.1 g/L myo-inosital, 
0.5mg/L nicotinic acid, 0.5mg/L pyridoxine HCl, Img/L thiamine HCl, 2mg/L glycine, 
30g/L maltose, Ig/L casein enzymatic hydrolysate, 6g/L gerite, pH 6.0) supplemented 
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with 50mg/L hygromycin in magenta box under 16 hour/ 8 hour dark photoperiod at 
250c for 2-3 months until green shoots and strong roots were formed. Finally, these 
transgenic rice plants were transferred to soil and grown in green house or gene 
garden. 
3.8 Analysis of transgenic expression 
3.8.1 Genomic DNA extraction 
Genomic DNA was extracted from young leaves by Cetyltrimethyl-ammonium 
Bromide (CTAB) method {Doyle et al., 1990). Leaf tissue was put into motor with 
liquid nitrogen and ground into powder by pestle. 0.5 ml of 2% CTAB buffer (O.IM 
Tris-HCl, pH8.0,1.4M NaCl，20mM EDTA, 2% CTAB) was added to the leaf powder 
and mixed well. The mixture was incubated at 65°C for 1 hour with periodic mixing. 
The mixture was blended with 0.5ml chloroform/isoamyl alcohol (24:l,v/v) and 
centrifuged at 14,000rpm for 15 min at 4�C. The upper aqueous layer was transferred 
to a new eppendorf and mixed with 330 (i 1 cold isopropanol. DNA was precipitated at 
-20°C for 30min and then centrifuged at 14,000 rpm for 15min at 4°C. The pellet was 
washed twice with 70% ethanol and dried in air. Genomic DNA was dissolved in 30 
fl 1 RNase ddHsO and quantified by OD260 and OD280 measurements. 
3.8.2 Total RNA extraction 
Total RNA was extracted from 20 developing rice seeds (10 to 15 DAF) by 
homogenizing in 5 ml extraction buffer (50mM Tris-Base, 20mM NaCl, 2mM EDTA, 
1% SDS, pH9.0) and equal volume of saturated phenol. The mixture was allowed to 
stand on ice for 30min and then centrifuged at 4000rpm for 20min at 4°C. The 
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supernatant was transferred to a new falcon tube and two volumes of cold 100% 
ethanol was added. After inverted for several times, the mixture was retained on ice for 
30min for precipitation. A pellet was saved by centrifugation at 4000rpm for 20min at 
4°C. The pellet was washed once by 70% ethanol and then dried by centrifugation. 
The pellet was then re-suspended in 2M LiCl. RNA precipitation was carried out by 
keeping the mixture at 4°C overnight. Later on, RNA pellet was obtained by 
centrifugation at 4000rpm for lOmin at 4°C. It was rinsed twice with 70% ethanol and 
then dried at room temperature. Finally, it was re-suspended in 30 //1 DEPC H2O. 
RNA concentration was determined by OD260 measurement and then stored at -80°C. 
3.8.3 Synthesis of DIG-labeled DNA probe 
Antisense DIG-labeled AK and DHPS probes were produced by modified PGR 
protocol described previously (Liu, 2002). The first round PGR was performed in 25 
JJi 1 reaction mixture containing IX PGR buffer, 2 mM MgCli, 50M d NTPs, 1 fi M 
forward and reverse primer (the primer sets for RT-PCR), 1 unit Taq DNA polymerase 
(Promega) and 1 pg plasmid DNA. To prepare the two probes, all procedures were the 
same except different primers were used. To prepare the DNA probes, the reaction 
mixture was placed in a thermocycler and started with 5 min denature at 95�C 
followed by 55 cycles each at 95°C Imin, 55°Clmin, 72°C2min, and finally a lOmin 
step at 72°C. In the second round PCR，single-stranded DIG-labeled probe was 
generated by adding 50ng round -1 PCR product to a 100//I reaction mixture 
containing IX PCR buffer, 2mM MgCh, 20/zM DIG dNTPs (Roche), 0.1 juM reverse 
primer, 4unit Taq DNA polymerase (Promega). The same PCR conditions were used 
as that in first round PCR. The yield of DIG-labeled nucleic acid was estimated by a 
spot test using DIG-labeled control DNA as described in the manual for DIG DNA 
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Labeling Kit (Roche). 
3.8.4 Southern blot analysis 
Genomic DNA (10 # g) was digested with EcoRI which had only one single 
cutting site in the vector backbone for 16hr; separated on 1% agarose/TAE gel; and 
then transferred to positively-charged nylon membrane (positively charged, Roche) 
using the VacuGeneXL Vacuum blotting System (Pharmacia Biotech). Hybridization 
and detection were performed as described in the DIG Nucleic Acid Detection Kit 
User Manual (Roche). The DIG-labeled DNA probes were mentioned in 3.8.3. 
3.8.5 Northern blot analysis 
Seed total RNA (5 (i g) was first separated in 1% agarose/ formaldehyde gel and 
then transferred to nylon membrane (positively charged, Roche) using the 
VacuGeneXL Vacuum blotting System (Pharmacia Biotech). Hybridization and 
detection were performed as described in DIG Nucleic Acid Detection Kit User 
Manual (Roche). Single strand DIG-labeled DNA probe was used as described in 
3.8.3. 
3.8.6 Extraction of rice seed protein 
Three husked mature seeds were placed in a 1.5ml eppendorf and ground in 200 
fl 1 protein extraction buffer (125mM Tris-HCl, 4M urea, 4% SDS, 5% 
mercaptoethanol, pH6.8) for AK and DHPS protein extraction. Extract was kept at 
30°C with shaking at 1400rpm for Ihour and then centrifuged at 16,000rpm for 15min 
at 4°C. The cleared supernatant was transferred to a new tube. An equal volume of 2X 
sample loading buffer (0.5M Tris-HCl, pH6.8，10% SDS, 0.2M EDTA, 0.01% 
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bromophenol blue, 1% mercaptoethanol) was heated at 99�C for lOmin. 
3.8.7 Tricine SDS-PAGE 
The protein samples were treated as described in 3.8.6. For AK and DHPS 
detection, the treated protein samples were loaded into wells of 1.5mm tricine 
SDS-PAGE gel and separated by 6% polyacrylamide gel with a 3% polyacrylamide 
stacking layer. Electrophoresis was run at lOOV for 3hr using tricine gel anode buffer 
(0.2M Tris-base, pH8.9) and cathode buffer (O.IM Tris-base, O.IM tricine, pH8.25). 
3.8.8 Raising AK and DHPS antibody 
For western blot analysis, antibodies for AK and DHPS were raised through rabbit 
injection. After PGR amplification, AK and DHPS gene sequences were subcloned 
into pET-30a vector (Promega). The steps of cloning different AK and DHPS genes 
into pET-30a vector (Novagen) were shown in Figure 12. Through digestion of 
pET-30a vector with BamHI and Sad, the AK and DHPS gene sequences could be 
ligated to the digested pET-30a. After DNA sequencing confirmation, the constructs 
were used for bacterial transformation. The plasmid was transformed into E. coli B121. 
IPTG (lOmM) was used for bacterial induction for production of recombinant protein. 
The recombinant protein could be purified through excised protein gel. The purified 
protein was used for rabbit injection. It was carried out through injecting lOOg protein 
into the rabbit five times at a time interval of 2 weeks. Finally, the rabbit serum was 
collected and used for titre checking. 
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Sad & BamHI 
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)AKorDHPS| + pET-30a vector 
Ligation 
，r 
| A K o r D H P S I 
pET-30a vector 
Figure 12. Cloning of rice AK and DHPS into pET 30a vector 
The multiple cloning site of pET 30a vector was digested with BamHI and Sad and 
then ligated to RT-PCR product of AK or DHPS. 
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3.8.9 Western blot analysis 
After separated by tricine-SDS-PAGE, the proteins were blotted onto 
polyvinylidene difluoride (PVDF) membrane (Bio-Rad) using Mini-Trans-Blot 
system (BioRad) as described in user manual. The PVDF membrane was treated with 
lOOo/o methanol for Imin and equilibriated in Towbin buffer (48mM Tris-Base, 39mM 
glycine，20% methanol) for Ihr before protein transfer. Electro-transfer was 
performed at constant voltage of lOOV for 2hr in Towbin buffer. 
After protein transfer, the membrane was rinsed with IX phosphate buffered saline 
(58mM Na2HP04, 17 mM NaH2P04 2H2O, 68mM NaCl) for 5min and soaked in 
blocking buffer (0.2% Aurora ^Blocking Reagent from ICN, IX PBS, 0.1% Tween 
20) at room temperature for Ihr. After that, antibody of AK or DHPS was added at 
dilution of 1:5000 or 1:1000 respectively for 1 hr. Later on, it was washed 2 times with 
blocking buffer for 15min and incubated in blocking buffer containing alkaline 
phosphatase (AP)-conjugated goat anti-rabbit immuno-globulin G (Bio-Rad) at 
1:30000 dilution for Ihr. The protein expression was detected by 
Aurora^'^Chemiluminescent substrate solution as described in user manual of 
AuroraTM Western blotting kit. 
3.9 Free amino acid analysis 
For free amino acid content determination, 25 mature seeds from each rice line were 
crushed into powder with motor and pestle. They were divided into 2 parts for 
technical repeats. Crushed rice seeds (0.2g) were mixed with 600 fi 1 Na-S™ buffer 
(Bechman) and vortexed for lOmin. The mixture was put in thermomixer with shaking 
at HOOrpm at 30°C for 2hr. Later on, the samples were sonicated (Branson 2510) for 
20min. The samples were then centrifuged at 16,000rpm (microfuge) at room 
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temperature for 15min. The cleared supernatant was transferred into a new eppendorf 
and freeze dried to concentrate the sample. After a 4-fold concentration of the sample, 
the samples were purified with 0.45 // m filter and followed by free amino acid content 
measurement using Beckman 6300 amino acid analyzer. The operation of Beckman 
6300 amino acid analyzer was done by Thomas Tang (CUHK). Two amino acid 
chromatographs were attached in Appendix E and F for reference. 
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Chapter 4 Results 
4.1 Cloning of AK and DHPS cDNAs from rice 
4.1.1 RNA extraction and cDNA amplification 
To clone the cDNAs for AK and DHPS from rice, total RNA was extracted from 
lODAF immature rice seeds (Figure 13). RT-PCR was performed to amplify AK 
mRNA using specific primers, AK-FORWARD and AK-REVERSE. For DHPS, gene 
specific primers, DHPS-FORWARD and DHPS-REVERSE were used for RT-PCR 
amplification. The RT-PCR products from AK and DHPS mRNAs were analyzed by 
gel electrophoresis and band size of 1713bp and 1044bp were observed respectively 
(Figures 14, 15). The bands were excised for DNA sequencing. 
RNA from immature rice seeds 
Figure 13. Total RNA from immature rice seeds 
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Figure 14. Amplification of AK cDNA 
The cDNA of AK was amplified by RT-PCR using AK-FORWARD and 
AK-REVERSE. Products were resolved in 1% agarose gel and a strong 1713bp band 
was observed. Key: Samples 1，2, 3, 4: RT-PCR reaction mixtures of immature rice 
seeds total RNA (different RT-PCR conditions); -ve: negative control; M: Ikb plus 
DNA marker (Invitrogen). 
RT-PCR 
-ve Sample M 
紛^々;、有論 ^j^ i^，'. 'afB m 
Figure 15. Amplification of DHPS cDNA 
The cDNA of DHPS was amplified by RT-PCR using DHPS-FORWARD and 
DHPS-REVERSE. Product was resolved in 1% agarose gel and a strong 1044bp band 
was observed. Key: Sample: RT-PCR reaction mixture of immature rice seeds total 
RNA; -ve: negative control; M: Ikb Plus DNA ladder (Invitrogen). 
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4丄2 Sequencing of AK and DHPS cDNAs 
The excised and eluted RT-PCR product was ligated to pGEM®-T vector. Ten 
clones were randomly chosen for sequencing for AK and DHPS cDNAs respectively. 
For AK and DHPS, one clone with exactly the same sequence as the NCBI gene 
sequence (AK073189 and L77616) was chosen respectively. 
4.2 Sequence modification of AK and DHPS cDNAs 
To generate feedback insensitive AK and DHPS, specific primers were 
designed for nucleotide modifications. The modified genes were excised from agarose 
gel (Figures 16，17) and cloned into pGEM®T vector for sequencing. 
A total of two modified AK, namely AKl and AK2 and five modified DHPS, 
namely DHPSl, DHPS2, DHPS3, DHPS4 and DHPS5 were successMly generated as 
shown in Figures 18, 19，20 and 21 (and Appendix A, B，C and D). 
4.3 Construction of chimeric genes 
To express the modified AK and DHPS cDNAs in rice, seed-specific glutelin-1 
(Gtl) promoter was used to drive the expression. As there were totally 7 modifications 
for AK and DHPS and two constructs for unmodified controls, 9 constructs were then 
used for Agrobacterium-mQdidiXQd transformation. The leaves of regenerated plants 
were collected for Southern analysis. For northern and western blot analysis, immature 
and mature seeds were harvested. In Figure 22, the chimeric gene constructs and 
presence of AK and DHPS cDNAs were confirmed by PGR amplification and the 
sequences confirmed by DNA sequencing. 
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First round PCR 
• I V ^ ^ B ^ ^ H ^ H B i ^ H Lane 1:1 kb Plus DNA Ladder 
I Lane2: A K L Frag 1 
B | B . ^ H 丨 L a n e 4 : A K 2 , FrasI 
Lane 6: AK 1. Frag2 
Lane 8: AK2，Frag2 
Lane 9: Plus Ladder 
H ^ H I H H H Second round PCR 
Lanesl 2 3 4 5 
XF T ^ ^ R ^ l Lane h 1 kb Plus ONA Ladder 
_ Lane 2： AKl 
B j ^ ^ K Lane 4： A K2 
^ ^ • j l ^ H j l ^ S Lane 5： 1 kb Plus DN/\ Ladder 
Figure 16. PCR modifications of AK by overlapping PCR 
PCR amplification of AK was carried out separately in two different reactions. The 
middle two primers are exactly reverse complement to one another. Each reaction 
yielded one fragment of AK. Finally, the two fragments were ligated together by an 
overall PCR using gene specific 5' and 3’ primer (AK-FORWARD and 
AK-REVERSE) respectively. 
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First round PGR 
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‘ Lone 1,13: t>NA Ladder 
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Lane 1： DHPS5,Fragmer\t2 
^ Second round PCR 
^ ^ Lane^l 2 3 4 5 6 7 8 9 10 11 12 13 
g ^ ^ W j ^ ^ B I B i ^ ^ B 1,13： DNA Ladder 
I B V V V V ^ H Lane 3： Modified DHPS 1 
^ ^ ^ ^ E S ^ J L ^ & ^ ^ H Lane 5： Modified DHPS 2 
Lane DHPS 3 
Lane DHPS 4 
Lane DHPS 5 
Figure 17 PCR modifications of DHPS by overlapping PCR 
PCR amplification of DHPS was carried out separately in two different reactions. The 
middle two primers are exactly reverse complement to one another. Each reaction 
yielded one fragment of DHPS. Finally, the two fragments were ligated together by an 
overall PCR using gene specific 5'and 3' primer (DHPS-FORWARD and 
DHPS-REVERSE) respectively. 
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AK_ControI ATATCTGTAGATTGTGTGGC ACTAC rGAAGTTAGTATTTCTGTGTCGCTTGATCCATCA 
AK2 ATATCTGTAGATTGTGTGGC ACTCT 'GAAGTTAGTATTTCTGTGTCGCTTGATCCATCA 
AKl ATATCTGTAGATTGTGTGGC! VTGAG, GAAGTTAGTATTTCTGTGTCGCTTGATCCATCA 
* * * * 氺 H e * * * * 氺 氺 * 氺 氺 氺 氺 氺 * 氺 氺 氺 * * * 氺 * * * 氺 * * * * 氺 氺 氺 
Figure 18. DNA sequence alignment of Control AK, modified AKl and AK2 
Partial DNA sequence is shown in Figure 18. The modified DNA sequences are boxed. 
AK_CONTROL RMLGQFGFLAKVFSIFEDLGISVDCIVATSE>ISISVSLDPSKIWSRELIQQELDHVVEELE 
AK2 RMLGQFGFLAKVFSIFEDLGISVDC VATLE’ SISVSLDPSKIWSRELIQQELDHVVEELE 
AKl RMLGQFGFLAKVFSIFEDLGISVDC ,AMSE’ SISVSLDPSKIWSRELIQQELDHVVEELE 
氺 氺 氺 氺 氺 氺 氺 * * * 氺 氺 氺 氺 氺 氺 氺 氺 氺 氺 氺 氺 氺 氺 氺 * * 氺 * * 氺 * * * * * * 氺 * 氺 H e 氺 氺 氺 * * * * 
Figure 19. Protein sequence alignment of Control AK, modified AKl and AK2 
Partial protein sequence is shown in Figure 19. The modified amino acids are boxed. 
DHPS_Control AACACAGGAJ^ GTAACTCAACAAGGGAGGCTATTCACGCiACTGAGCAGGGATTCGCTGTA 
DHPS 1 AACACAGGA lATAACTCAACAAGGGAGGCTATTCACGC/ ACTGAGCAGGGATTCGCTGTA 
DHPS4 AACACAGGA iGTAACTCAACAAGGGAGGCTATTCACAO ACTGAGCAGGGATTCGCTGTA 
DHPS3 AACACAGGA .GTAACTCAACAAGGAAGGCTATTCACGO ACTGAGCAGGGATTCGCTGTA 
DHPS5 AACACAGGA iGTAACTCAACAAGGGAGGCTATTCACGT/ ACTGAGCAGGGATTCGCTGTA 
DHPS2 •ACAGGAkGTATCTCAArAAGGr赢 CTATTrAmrJA 广皿广…广.riATTrv^i …-TA 
* * * * * * * * * * 氺氺 * * * * * * * * * * * 氺 氺 * * * * * * * * 氺 * * * * * * * * * * * * * * * * * * * * * 
Figure 20. DNA sequence alignment of Control DHPS, modified DHPSl, DHPS2, 
DHPS3, DHPS4 and DHPS5 
Partial DNA sequence is shown in Figure 20. The modified DNA sequences are boxed. 
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DHPS4 NTUSNSTREAIHTTIQGFAVGMHAALHINPYYGKTSVEGLISHFEAVLPMGPTIIYNVPS 
DHPS5 NTGSNSTREAIHVT： QGFAVGMHAALHINPYYGKTSVEGLISHFEAVLPMGPTIIYNVPS 
DHPS3 NTGSNSTRKAIHAT iQGFAVGMHAALHINPYYGKTSVEGLISHFEAVLPMGPTIIYNVPS 
DHPS2 NTGSISTREAIHATE ^GFAVGMHAALHINPYYGKTSVEGLISHFEAVLPMGPTIIYNVPS 
DHPS_CONTROL NTGSNSTREAIHATI5GFAVGMHAALHINPYYGKTSVEGLISHFEAVLPMGPTIIYNVPS 
DHPS 1 NTGNNSTREAIHATl QGFAVGMHAALHINPYYGKTSVEGLISHFEAVLPMGPTIIYNVPS 
* * * . * * * : * * * • * * * * * * * * * * * 氺 * 氺 氺 氺 * * 
Figure 21. Protein sequence alignment of Control DHPS, modified DHPSl, 
DHPS2, DHPS3, DHPS4 and DHPS5. 
Partial protein sequence is shown in figure 21. The modified amino acids are boxed. 
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Figure 22. Construction of chimeric gene constructs 
PCR amplification of AK and DHPS cDNAs was performed using recombinant 
plasmids of 五.coli and Agrobacterium as template and PCR products were resolved in 
1% agarose gel. 
Key for Figure 18A: Lane 1，Ikb Plus DNA ladder; Lane 2, plasmid 
pSB 130/Gtlpro/AK/Gt 1 ter; Lane 4，transformed Agrobacterium containing 
pSB 130/Gtlpro/AK/Gt Iter. 
Key for figure 18B: Lane 1，Ikb Plus DNA ladder; Lane 3，plasmid 
pSB 130/Gt 1 pro/DHPS/Gt 1 ter; Lane 5, transformed Agrobacterium containing 
pSB130/Gtlpro/DHPS/Gtlter. 
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4.4 AEC resistance of E. coli expressing modified AK and DHPS 
With the use of 12mM AEC in growing medium ofE. coli B121 expressing 
modified or unmodified AK and DHPS, the colonies with modified genes grew better 
than the unmodified ones because of their expression of feedback insensitive enzymes 
(Figures 23，24). The constructs were cloned by digesting the pET-30a vector 
(Novagen) with restriction enzymes, BamHI and SacI, and then ligated with the PGR 
product of AK or DHPS gene. Cycle sequencing was performed to confirm the DNA 
sequence. 
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^ ^ Keys: No，pET30a vector only 
^ ^ P ^ ^ ^ ^ ^ ^ H l ^ ^ ^ l ^ j ^ ) � Un, pETSOa with unmodified AK 
Aller, pETSOawith AK with all modifications 
mn — 
Figure 23. AEC resistance ofE, colL expressing AK 
In LB medium containing 12 mM AEC, E. coli B121 expressing modified AK grew 
better than the unmodified. 
B^ ^ Q ^ ^ ^ ^ ^ ^ H Keys: No, pETSOa vector only 
^ B Un, pETSOa with unmodified DHPS 
1 1, pETSOa with DHPS 1 
P 2, pET30a with DHPS2 
( 3, pET30a withDHPSS 
L l j m i i ^ ^ J ^ ^ ^ 為 4, pETSOa with DHPS4 
^ ^ ^ ^ 5，pETSOa with DHPS5 
Figure 24. AEC resistance of E, coli, expressing DHPS 
In LB medium containing 12 mM AEC, E. coli B121 expressing modified DHPS grew 
better than the unmodified DHPS. 
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4.5 Rice transformation 
The nine chimeric gene constructs were introduced into rice genome 
independently through Agrobacterium-m^dmtod transformation ofcalli induced from 
mature rice seeds. The results of rice transformation were summarized in Table 4. A 
total of 7890 calli were transformed, 199 rice lines were generated and 94 rice lines 
with target gene (AK or DHPS) were obtained. The process of rice transformation and 
regeneration was shown in Figure 25. 
Table 4. Results of rice transformation 
~ T 聽 g e n e N o . of c a l l i ~ I W No. of lines with 
transformed independent lines target genes 
regenerated (AK or DHPS) 
Unmodified AK 1035 25 H “ 
AKl 一 ^ 10 
A ^ m ^ fo 
Unmodified DHPS [9 Jq 
DHPSl m ^ 9 
DHPS2 m 19 9 
DHPS3 ^ 13 
DHPS4 m 19 9 














Figure 25. Rice transformation 
Panels A-H showed transformation at different stages: 
(A) Mature rice seeds in callus induction medium (2days); 
(B) Transgenic calli in selection medium (3months); 
(C) Regeneration of resistant calli: Green spots emerged to form shoot; 
(D) Transgenic plants grown in Green House; 
(E) Transformed calli in selection medium (2week); 
(F) Transformed calli in pre-regeneration medium (2week); 
(G) Regenerated shoots in regeneration medium (2month); 
(H) Transgenic plants grown in Gene Garden. 
4.6 Detection of target genes in transgenic rice lines 
Genomic DNA was isolated from transgenic rice leaves by CTAB method. The 
screening of TO and T1 transgenic plants was first done by PGR. It was then followed 
by Southern blot analysis. Independent transgenic lines, for example AKl, lines 
AKl-15 and AKl-18, were then selected for northern blot, western blot and amino 
acid analysis (Table 5). 
4.6.1 PCR of genomic DNA 
Specific primers were used in PCR reaction for preliminary screening of 
transgenic plants containing AK, DHPS and Hyg. For PCR screening of transgene， 
other primers were used. The forward primer (Gtl-MIDDLE: CAC TTG CCT TTC 
GTG TCA AAA) was the primer priming the last 300bp of the Gtl pro. For PCR 
screening of Hyg, two primers (Hyg-5,: GCT GTT ATG CGG CCA TTG TC and 
协 : GAC GTC TGT CGA GAA GTT TC) were used. More than one thousand 
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PCRs were done in screening TO and T1 plants and some of the results were shown in 
Figure 26. For example, in progenies of DHPS 1, DHPS 1-18 and DHPS 1-22, PCR 
results indicated that DHPSl was present in the genome of most T1 progenies of 
transgenic lines. 
Table 5. Transgenic plants selected for further analysis 
Constructs transformed Selected T1 lines 
Unmodified AK A-10，A-14 
AKl A1-15,A1-18 
AK2 A2-5,A2-10 
Unmodified DHPS D-2, D-27, D-55 
DHPSl Dl-18,Dl-22,Dl-35 
‘ DHPS2 D2-12, D2-26, D2-63 
DHPS3 D3-52, D3-77 
DHPS4 D4-16, D4-21, D4-22 
DHPS5 D5-20, D5-35，D5-37 
Remarks: T1 seeds were used for ftirther analysis in all the above lines. 
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DHPSI-18 DHPS 1-22 
M +ve 1 2 3 4 5 6 7 8 9 10 11 12 13 
i 
( 隱 ） , 
. 
I 
Figure 26. PCR screening results of T1 plants transformed with DHPSl 
i 
Genomic DNAs isolated from transgenic plant leaves were used for PCR reactions. A 
band of expected size was observed when the transgene is present in the genome. 
Results of 2 independent lines were shown. 
M: Ikb plus DNA marker 
+ve: positive control 
Lanes 1-7: T1 progenies of transformant DHPS 1-18. 
Lanes 8-13: T1 progenies of transformant DHPS 1-22. 
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4.6.2 Southern blot analysis 
DNA isolated from leaves oftransformants was analyzed by Southern blot analysis 
to demonstrate stable integration oftransgenes in the genome of rice plants (Figure 27). 
DNA of plants transformed with unmodified DHPS, modified DHPSl, DHPS2, 
DHPS3，DHPS4 and DHPS5 and unmodified AK, modified AKl and AK2 was 
digested with EcoRl a sole restriction site in the integrated DNA fragment. Result 
revealed that cDNA fragments of different sizes carrying AK and DHPS genes were 
present in different transgenic rice lines (Figure 27).Transgenic lines of distinct 
restriction digestion patterns would indicate that they are independent transformants. 
Southern blot detection confirmed that some of the transgenic plants haboured extra 
AK or DHPS genes in their genome. 
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D-2 D- r> 5 5 
M+ve WT1N A B C D ，7 ^ 
— — ^ ^ i ^ i i M i a a i i A ^ i ^ f i ^ ' Key: A,B,C,D; different 
individual plants under the 
same transgenic line 
A1-15 A1-18 A2-5 A2-1Q 
A ^ B C A B ^ ^ C A B C A“““B 
^Mfi . JzZl 422 5-20 5-35 
A B A B A R C A B C 
DHPS detection 
Figure 27. Southern blot analysis of genomic DNA from transgenic plants 
Genomic DNA (10/zg) from each transgenic line of AKl, AK2，Unmodified DHPS, 
DHPS4 and DHPS5 was digested with EcoRI, resolved on a 1% agarose gel. WT: 
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DNA from wild type ^ImXjaponica 9983; +ve，DNA from plasmid; Al-15，Al-18, 
two AKl independent lines; A2-5, A2-10，two AK2 independent lines; D-2, D-27, 
D-55，three Unmodified DHPS independent lines; 4-16，4-21, 4-22, three DHPS4 
independent lines; 5-20, 5-35，two DHPS5 independent lines. 
4.7 Northern blot analysis 
After confirming the integration of AK and DHPS genes in rice genome, total 
RNA was isolated from lODAF developing seeds of each gene construct for detection 
of AK and DHPS gene transcripts by northern blot analysis, using AK and DHPS 
cDNA as probe respectively. Transcript was detected in all transgenic lines with varied 
expression level (Figure 28). 
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Unmodified AK AKl AK2 Different AK constructs 
WT 10 14 15 18 5 10 
Different AK transgenic lines 
^ • • • • • • • • • • • M rRNA 
Unmodified DHPS DHPSl DHPS2 DHPS3 DHPS4 DHPS5 D I F F ERENTDHPS constructs 
W T 2 2 7 5 5 2 2 1 8 3 5 1 2 2 6 6 3 " 5 2 ~ 1 6 " " " 2 1 22 T o 3 5 3 7 different D H P S transgenic 
H f u m n mm^B^^^^^^s^^ 
Figure 28. Northern blot analysis of total RNA from immature transgenic seeds 
Total RNA (5 “ g) extracted from immature seeds was separated on a 1% 
agarose/formaldehyde gel and then transferred to nylon membrane and hybridized to 
the DIG-labeled RNA probe specific for AK or DHPS. The numbers represent the 
transgenic line numbers of each construct. WT: RNA from wild-type plantjaponica 
9983. 
4.8 Western blot analysis of AK and DHPS proteins 
Transgenic expression of AK and DHPS proteins was detected by western blot 
analysis (Figure 29). Total seed protein was extracted from mature seeds and 
fractionated in tricine-SDS polyacrylamide gels. Proteins on the gel were transferred 
to PVDF membrane for western detection. Two antibodies were used, anti-AK and 
anti-DHPS. For detection of AK protein, anti-AK antibody of 1:5000 dilution was 
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used. For the detection of DHPS protein, anti-DHPS o f l : 1000 dilution was used. 
According to ExPasy protein deducing tool，the estimated molecular weight of AK 
protein is 61.1819 kDa while that for DHPS is 38.24469 kDa. 
Unmodified AK AKl AK2 
Different AK constructs 
WT 10 14 15 18 5 10 �� 
Different AK transgenic lines 
50kDa — A K protein 
Northern blot 
m m m . 一 _ _ 丨 ^ ^ ^ 爹 一 … 广 
^ • M H M H N I l M H i ^ M ^ M Protein gel 
mmmm&krnm 
Unmodified DHPS DHPSl DHPS2 DHPS3 DHPS4 DHPS5 Differentdhpsconstructs 
W T 2 2 7 5 5 2 2 1 8 3 5 1 2 2 6 6 3 5 2 7 7 1 6 2 1 2 2 2 0 3 5 3 7 Different DHPS transgenic lines 
• ^ ^ ^ ^ f f i U H H I ^ H Northern blot 
m D a • m ^ ^ ^ m n m m • 如 d h p s 
_ mm — mm* mm稱電幅一 mmm/i 一 
Protein gel 
_ 麵 纏 膽 l i U M H M l M M U U M U l a 
Figure 29. Western blot analysis of total protein from mature transgenic seeds 
Total protein was extracted from mature seeds, separated in tricine-SDS-PAGE, and 
then transferred to PVDF membrane for western blot analysis using polyclonal 
antibodies raised in rabbits. WT: protein from wild-type plant japonica 9982. 
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4.9 Free amino add analysis 
4.9.1 Free lysine content 
To study the effect of transgenes on free lysine accumulation, I tested the free 
amino acid content in seeds of the transgenic lines. Two or three independent lines 
from each genotype were tested. A total of 23 independent lines were chosen for 
detailed amino acid analysis and T1 seeds were used in the analysis. Rice powder for 
each measurement was done by grinding 25 seeds from an individual plant and two 
technical repeats were performed. Table 6 A and B showed the free amino acid 
measurements for the mature seeds of the 23 transgenic lines plus a WT control 
{Japonica 9983), The free amino acid content was calculated in mg/g of dry seed 
powder. Table 8 A and B showed that in the control AK and DHPS transgenic plants, 
low level of Lys increase , ranging from 58-91% and 104-338% respectively, was 
found as compared to wild type plant. In plants with modified AKl and AK2, 
moderate elevation of free Lys, ranging from 96% to 556% higher than that of the WT 
plant，was detected. In plants harboring modified DHPSl and DHPS5, substantial 
increase of free lysine, ranging from 2-fold to 21 -fold higher than that of WT plant, 
was found. In summary, for transgenic lines with 2 modified AK genes, higher free 
Lys enhancement was observed as compared to unmodified control plant. Among the 
five modified DHPS constructs，DHPSl and DHPS5 transgenic lines generally 
showed higher free Lys enhancement as compared to unmodified DHPS control plant. 
In addition to calculation of free amino acid content in mg/g of dry seed powder, 
relative amounts of different amino acids in percentage are shown in Table 7A,B,C 
Figures 30 and 31. In AK and DHPS control transgenic plants, Lys decreased, ranging 
from -23 to -31% and -0.69 to-62% respectively, was found as compared to wild type 
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plant. In AKl and AK2 plants, moderate elevation of free Lys was detected, ranging 
from-0.2% to IO20/0 higher than that of the WT plant. In DHPSl and DHPS5 plants, 
substantial increase of free lysine was found, ranging from 25% to 11 -fold higher than 
that of WT plant. For the two AK modified transgenic lines, higher free Lys 
enhancement was observed as compared to AK unmodified control. Among the five 
modified DHPS constructs, all generally showed higher free Lys enhancement as 
compared to DHPS unmodified control plant. 
The AKl，AK2, DHPSl and DHPS5 transgenic lines generally showed greater 
increase in free Lys in their seeds as compared to those lines with unmodified AK and 
DHPS control. 
4.9.2 Changes in other amino acids 
In the AK2-5 and AK2-10 transgenic lines, high Lys production accompanied with 
decreases in the relative concentrations ofAsx (Asparagine + Aspartate) and Glx 
(Glutamine + Glutamate). Asx made up 2-6% of the total amino acid content in the 
transgenic line (Table 7, Figure 32)，which was 10% lower than that in wild type 
control. Glx made up 6-8% of total amino acid content in transgenic line (Table 7, 
Figure 32), which was 2% lower than its corresponding content in wild type plant. 
In DHPSl-22，DHPSl-35, DHPS5-20 and DHPS5-35 transgenic lines, high Lys 
content were observed together with generally increased relative concentration of Asx 
but decreased in relative concentration of Glx. Asx made up 6-25% of the total amino 
acid content in transgenic lines (Table 7，Figure 32)，which was 10% higher than its 
corresponding concentration in wild type plant. Glx made up 19-22% of total amino 
acid content in transgenic lines (Table 7，Figure 32)，which was 29% lower than its 
corresponding concentration in wild type control. 
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In AK2-5, AK2-10, DHPSl-22, DHPSl-35，DHPS5-20 and DHPS5-35 transgenic 
lines，Met level remained similar to those transgenic lines with low level of free Lys 
enhancement and to the wild type plant (Table 7，Figure 32). In DHPS 1 -22, DHPS5-20 
and DHPS5-35 transgenic lines, Thr level remained similar to these of other modified 
DHPS transgenic lines and wild type plant. However, the Thr level in AK2-5 and 
AK2-10 transgenic lines was extraordinary high, representing 10-fold more free Thr 
than that of the wild type plant (Table 7，Figure 32). It is possible that seed-specific 
expression of AK would lead to provision of more substrate for Thr synthesis resulting 
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Figure 31. Free lysine content in mature rice seeds 
The graphs represented data from Tables 6(A), 6(B), 7(A) and 7(B). The absolute 
amount of Lys was calculated in mg/g dry seed powder. Relative concentration was 
shown in mole% of Lys in total measurable amino acids. Values represented means of 
two repeats from seeds of a single plant except for AKl-18, DHPS2-12 and DHPS2-63 
since no repeat could be done because of limited seed availability. 
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Figure 32. Free Thr, Met, Asx and Glx contents in mature rice seeds 
The graphs represented data from Tables 6(A), 6(B), 7(A) and 7(B). The absolute 
amount of each amino acid was calculated in mg/g of dry rice powder. Relative 
concentration was shown in mole% of each amino acid in total measurable amino 
acids. For AKl-18, DHPS2-12 and DHPS2-63, no repeat could be done because of 
limited seed availability. 
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Chapter 5 Discussion 
5.1 Cloning and modification of AK and DHPS cDNAs 
Rice DHPS cDNA was genetically modified by mimicking single nucleotide 
changes previously found in maize and soybean mutants. Five specific modifications 
were designed for rice DHPS cDNA. For AK cDNA sequence modifications, they 
were designed by mimicking single nucleotide changes previously found in E. coli. 
Two specific modifications were designed for rice AK cDNA. 
The modified genes were transformed into E. coli and grew in LB medium with 
12mM AEC to check for their lysine feedback insensitiveness. Among the two 
modified AK cDNAs, E. coli expressing AK2 grew better than those expressing AKl 
and unmodified AK, suggesting that AK2 had a higher degree of lysine feedback 
insensitiveness as compared to others. The results coincided with the findings in 
amino acid analysis of transgenic rice, that is transgenic seeds expressing AK2 
(AK2-5 and AK2-10) had higher free lysine content. 
For AEC test on modified DHPS, E. coli expressing the modified genes generally 
grew better than the unmodified control. DHPS4 and 5 showed a higher degree of 
lysine feedback insensitiveness as compared to DHPS 1,2 and 3. However, amino acid 
analysis of the transgenic rice seeds revealed that DHPSl and 5 transgenic lines 
generally had higher lysine content than the DHPS2, 3 and 4 transgenic lines. A 
possible reason for these variations may be due to transgene position effect. 
5.2 Seed-specific expression of modified AK and DHPS in rice 
In this study, genes encoding Lys feedback-insensitive AK and DHPS were stably 
transmitted to T1 generation in transgenic lines according to Southern blot analysis 
(Figure 27). Results also indicated that there were 1-2 copies of transgene inserted into 
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rice genome. Northern blot analysis (Figure 28) confirmed the integration, 
transmission and expression of the transgenes in T1 generation of rice. Western blot 
data revealed the presence of 61 kDa and 38kDa polypeptides, which represented 
successful expression of AK and DHPS proteins respectively in the T1 generation of 
transgenic rice seeds. 
Complementary DNAs encoding modified AK and DHPS under the regulation of 
seed-specific Gtl promoter were transformed into rice. Western blot results (Figure 29) 
indicated that the transgenic rice lines (AK2-5, AK2-10, DHPS 1-22，DHPS 1-35, 
DHPS5-20 and DHPS5-35) with relatively high lysine increase were not necessary 
those lines with highest (AK or DHPS) protein expression level. It is possible that in 
those transgenic lines expressing high level of protein may trigger increase in 
degradative LKR activity. In previous studies including canola and soybeans (Falco et 
al., 1995), maize (Mazur et al., 1999 and Falco, 2001) and Arabidopsis (Zhu et al., 
2001), evidence of induced LKR/SDH activities that would prevent free lysine from 
accumulation in transgenic plants was observed. Thus, those transgenic lines with the 
highest free Lys enhancement could be the ones with moderate expression level of the 
modified genes that would escape from Lys feedback inhibition yet not accumulate 
high enough level of lysine to trigger the lysine degradation activity. To prevent such 
activity from happening, I could simply block the lysine degradation pathway in rice. 
5.3 Free amino add changes in transgenic rice lines 
Among the 18 modified AK and DHPS transgenic lines tested in this study, 12 of 
them were observed to have free Lys enhancement in mature rice seeds as compared to 
their corresponding unmodified AK and DHPS control. So, in six of the transgenic 
lines (AK2-5，AK2-10，DHPS 1-22, DHPSl-35, DHPS5-20 and DHPS5-35), relatively 
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higher free Lys contents，ranging from 3.5% to 42% or 1-fold to 6-fold Lys 
enhancement as compared to their corresponding controls were observed. 
In 2001, Lee et al introduced maize feedback insensitive DHPS gene into rice 
which resulted in up to 4-fold lysine enhancement. In 2006, Chan transferred genes 
encoding E. coli feedback insensitive AK, DHPS and RNAi-LKR into rice which led 
to 26-fold enhancement in free lysine content. In this study, expression of only the 
modified DHPS could enhance the free lysine content up to 21-fold. It is believed that 
when AK2, DHPSl and RNAi-LKR are expressed in combination, the free lysine 
content in rice can be enhanced to much higher level. 
In AK2-5, AK2-10 and DHPS 1-22 transgenic lines, decreases in relative 
concentration ofAsx and Glx were observed as compared to the wild type. It is 
possible that Asx and Glx might be diverted into other aspartate family amino acids 
like Thr and Lys. In some of the transgenic lines, increase in relative concentration of 
Asx was observed, I suspect that it might be due to the expression of modified gene 
that enhance conversion of Glx into Asx, so both Lys and Asx enhancement were 
observed in some cases. However, further experiment is required to prove this 
hypothesis. In two of the transgenic lines (AK2-5 and AK2-10), high relative Thr 
concentration, up to 60% as compared to that (about 5%) in wild type plant, was 
observed in this study. The modification in AK gene sequence might lead to increase 
in Thr productivity, so the pathway shifted to produce more free Thr. 
It is noted that the results of free amino acid analysis presented in this study could be 
regarded as more preliminary or still room for further improvement as the transgenic 
seeds used had not attained homozygosity. 
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5.4 Future perspectives 
In this study, an approach using homologous genes was demonstrated to 
successfully enhance free Lys content in transgenic rice. With the use of these 
modified AK and DHPS genes，there are still rooms to further increase the free Lys 
content in rice. 
First of all, I can use a strong constitutive promoter to replace Gtl promoter in 
chimeric gene constructs, so as to further increase the free Lys content as shown in a 
previous study (Chan, 2006). In that study, transgenic lines transformed with 
constructs using seed-specific GluB-1 promoter to drive bacterial feedback insensitive 
AK and DHPS were less effective in enhancing free Lys content than using 
constitutive 35S promoter. 
Another strategy to further improve free Lys content is to couple the RNAi-LKR 
construct with the modified AK2 and DHPSl or DHPS5. By knocking down the Lys 
degradation pathway, it would lead to increased accumulation of free Lys in rice. This 
can also be done by crossing the free Lys enhanced rice in this study with the 
RNAi-LKR rice available in our lab. However, previous report revealed that high level 
of free Lys is toxic to plants and adverse agronomic traits might happen. Therefore, I 
should carefully observe seed germination and the yield of transgenic plants. 
In the future, metabolomic, proteomic and transcriptional analyses can be applied 
to study natural or induced variations in amino acid accumulation, so as to gain further 
understanding of plant amino acid metabolism under changes and to bring new 
insights into amino acid biosynthesis. 
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Chapter 6 Conclusion 
In this study, AK and DHPS cDNAs were cloned from immature rice seeds 
(Japonica9983) and sequence modified by overlapping PCR technique. The modified 
genes were later transformed into rice (Japonica9983) under the control of 
seed-specific Gtl promoter. The transgene integration was confirmed by Southern blot 
analysis. Transcription and translation of AK and DHPS were detected by northern 
and western blot respectively. 
When the efficiency of the seven modified constructs in enhancing free Lys content 
was compared, it was observed that AK2, DHPSl and DHPS5 gave the best results in 
free Lys enhancement. In plants transformed with AK2 construct, elevation of free Lys, 
ranging from 3-fold to 5-fold higher than that of the WT plant, was observed. In plants 
transformed with DHPSl and DHPS5 constructs, substantial increase in free lysine, 
ranging from 2-fold to 21-fold higher than that of WT plant, was observed. According 
to this study, those transgenic lines with the highest free Lys enhancement should be 
the ones with moderate level of expression of the modified genes. 
To improve the nutritional quality of rice, increasing its free Lys content is one of the 
approaches. In the near future, I should plant T2 generation of transgenic rice and 
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AK_Contro 丨 ACCAATCTCCTCCTCCTCGCTGGTGAGAAGGCAGTGGGATGCGGCGTGATCCGTGTTTCG 
AK2 ACCAATCTCCTCCTCCTCGCTGGTGAGAAGGCAGTGGGATGCGGCGTGATCCGTGTTTCG 
AK1 ACCAATCTCCTCCTCCTCGCTGGTGAGAAGGCAGTGGGATGCGGCGTGATCCGTGTTTCG 












































* * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * 
AK一 Control AATTCGTACAACCCTAAAGCTCCAGGCACCCTGATCACTAAACAAAGAGAGATGGATAAG 
AK2 AATTCGTACAACCCTAAAGCTCCAGGCACCCTGATCACTAAACAAAGAGAGATGGATAAG 
AKl AATTCGTACAACCCTAAAGCTCCAGGCACCCTGATCACTAAACAAAGAGAGATGGATAAG 
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AK_Control ATATCTGTAGATTGTGTGGC ACTAC rGAAGTTAGTATTTCTGTGTCGCTTGATCCATCA 
AK2 ATATCTGTAGATTGTGTGGC ACTCT ’GAAGTTAGTATTTCTGTGTCGCTTGATCCATCA 
AKl ATATCTGTAGATTGTGTGGC! \TGAG GAAGTTAGTATTTCTGTGTCGCTTGATCCATCA 
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AK_Contro 丨 GAGGCAAAGCAGTGCATAAAGGCCCTCCACCAGGCGTTCTTCGAGGACGATGTCCTGACA 
AK2 GAGGCAAAGCAGTGCATAAAGGCCCTCCACCAGGCGTTCTTCGAGGACGATGTCCTGACA 
AKl GAGGCAAAGCAGTGCATAAAGGCCCTCCACCAGGCGTTCTTCGAGGACGATGTCCTGACA 
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A. DNA sequence alignment of Control AK, modified AKl and AK2 


















AK一 CONTROL RGGSDLTATTIGKALGLREIQVWKDVDGVLTCDPNIYPNATTVPYLTFEEAAELAYFGAQ 
AK2 RGGSDLTATTIGKALGLREIQVWKDVDGVLTCDPNIYPNATTVPYLTFEEAAELAYFGAQ 
AKl RGGSDLTATTIGKALGLREIQVWKDVDGVLTCDPNIYPNATTVPYLTFEEAAELAYFGAQ 
* 氺 H e 氺 氺 氺 氺 氺 * 氺 氺 氺 氺 氺 氺 氺 氺 氺 氺 氺 氺 氺 氺 * 氺 氺 氺 水 氺 氺 氺 氺 氺 氺 氺 氺 氺 * 氺 本 氺 氺 氺 氺 氺 本 本 • 本 • 本 本 * 本 本 • • 本 料 
AK_CONTROL VLHPQSMRPAREGDIPVRVKNSYNPKAPGTLITKQREMDKVVLTSIVLKSNVTMLDIVST 
A i a VLHPQSMRPAREGDIPVRVKNSYNPKAPGTLITKQREMDKVVLTSIVLKSNVTMLDIVST 
AKl VLHPQSMRPAREGDIPVRVKNSYNPKAPGTLITKQREMDKVVLTSIVLKSNVTMLDIVST 
* * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * 
AK_CONTROL RMLGQFGFLAKVFSIFEDLGISVDdvATSE jsiSVSLDPSKIWSRELIQQELDHVVEELE 
AK2 RMLGQFGFLAKVFSIFEDLGISVDC VATLE’ SISVSLDPSKIWSRELIQQELDHVVEELE 
AKl RMLGQFGFLAKVFSIFEDLGISVDC /AMSE SISVSLDPSKIWSRELIQQELDHVVEELE 
* * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * 
AK一 CONTROL KIAVVHLLQQRAIISLIGNVRRSSLILEKAFQVLRKSGVNVQMISQGASKVNMSLIVHDS 
AKl KIAVVHLLQQRAIISLIGNVRRSSLILEKAFQVLRKSGVNVQMISQGASKVNMSLIVHDS 
AKl KIAVVHLLQQRAIISLIGNVRRSSLILEKAFQVLRKSGVNVQMISQGASKVNMSLIVPiDS 




* * * * * * * * * * * * * * * * * * * * * * * * * * * * * * 
B. Protein sequence alignment of Control AK, modified AKl and AK2 
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The modified amino acids are boxed. 










































DHPS 一 C o n t r o l AACACAGGAiuiAACTCAACAAGGGAOGCTATTCACGCl^CTGAGCAGGGATTCGCTGTA 
DHPSl AACACAGGA .ATAACTCAACAAGGGAGGCTATTCACGO ACTGAGCAGGGATTCGCTGTA 
DHPS4 AACACAGGA .GTAACTCAACAAGGGAGGCTATTCACAO ACTGAGCAGGGATTCGCTGTA 
DHPS3 AACACAGGA .GTAACTCAACAAGGAAGGCTATTCACGO ACTGAGCAGGGATTCGCTGTA 
DHPS5 AACACAGGA .GTAACTCAACAAGGGAGGCTATTCACGT/ ACTGAGCAGGGATTCGCTGTA 
DHPS2 AACACAGGAkGTATCTCAAr:AA�TrTrjAGGCTATT�ArY^T广 jAr^Tr’ … 广 • 广 — … 












































































c . DNA sequence alignment of Control DHPS, modified DHPSl, DHPS2, 
DHPS3, DHPS4 and DHPS5 
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DHPS4 JNlCiSNSTREAlHTTlQGFAVGMHAALHINPYYGKTSVEGLISHFEAVLPMGPTIIYNVPS 
DHPS5 NTGSNSTREAIHVT QGFAVGMHAALHINPYYGKTSVEGLISHFEAVLPMGPTIIYNVPS 
DHPS3 NTGSNSTRKAIHAT -QGFAVGMHAALHINPYYGKTSVEGLISHFEAVLPMGPTIIYNVPS 
DHPS2 NTGSISTREAIHATE ^GFAVGMHAALHINPYYGKTSVEGLISHFEAVLPMGPTIIYNVPS 
DHPS_CONTROL NTGSNSTREAIHATI ^GFAVGMHAALHINPYYGKTSVEGLISHFEAVLPMGPTIIYNVPS 
DHPSl NTGNNSTREAIHATl QGFAVGMHAALHINPYYGKTSVEGLISHFEAVLPMGPTIIYNVPS 




















DHPS 1 RLPYVPLPLEKRVEFVRIVESIGRENFVGQKEARVLDDDDFVLISRY 
氺氺氺氺氺氺氺氺氺氺氺氺氺氺氺氺氺氺氺氺氺氺本氺水氺氺氺氺本氺氺氺氺氺氺氺氺氺氺氺氺氺氺氺氺氺 
D. Protein sequence alignment of Control DHPS, modified DHPSl, DHPS2, 
DHPS3，DHPS4 and DHPS5 
The modified amino acids are boxed. 
114 
’ L-8卿 MA System Mui權狄 HepoH 
Analyzed: 11/20/10 07:41 PM Reported: 11/22/10 03:45 循 
Data Path: G:\Win32A^p\ASM\PH\DATA\2058\ 
Processing Hethod: 20'10-ia-2t)s-WTb 
SysteiMacquisition�：Sys 1 Series: 2098 
Application; PH Vial Type： UNK 
Sampae Name; AK~1A Vial Number: 33 
Injection from th is vial： 1 of 1 Volume: 20.0 ul 
ehr^ om Type: AAA Channel ： 1 
m "I 5 . 
i 
500 ‘ 
1： 400 ‘ I. ‘ 
I 300. ( “ ^ f 1 
I — i i J i l . ii 
翁 200 .i l| I, J ^ ii ，. 
� Iji i 1 !' '' . ij A 差 •： r . 潔 
- Ililiin I；；： n . A ；I I i 
: I i^ l.li ； I {； ' i I \ }\ 1 U K 
0 i.‘........八乂，‘‘ 、一 i ‘ 0 \ ^ ^ ^ J � j . wl . . ,�八厂.....—/、“ 
.•….丫 广 了 ‘ • . ^^ ' - X - t t • 1 - � . . . » • 
！ I ._, •， i » I J ' > ' I ' • I • ! I I » I I . I " t -i：--
0 5： 10 m 20 m 30 
Rtttmitlon Tiatft�utin� 
Processing Method: 
P p l u m n T y p e： S T D C l u m D e v e l o p e d b y : H I T A C H I 
Method Description: -二”K Quantitation: AREA Scale Factor 2： 1.000 
Calculation Method: EXT-STD 
Scale Factor 1： 1»0QQ 
贴. RT Name Height Area Cone 1 Cone 2 
runol ng 
I f -^f 371983 6670432 17.8834 2380.28 
？ ， T h r 166474 3052S89 7.48263 891.182 
I ，fr 283185 5022525 11.9084 1251,57 
f Glu 603106 13129638 30.487 4484.64 
i 丨 Gly 269960 6102142 14.7306 1106.27 
• S^f 223314 631€643 ,16.9179 1507,38 
I j l � * ” Met 292497 4 ^ 9 4 0 12.4124 1851.93 
f +，•二 1173 33300 0 6 
if n^ d p e ^6334 3031771 7.67948 1007.55 
f? . Jfu 170434 6674513 16.2257 2128.82 
二 l l ^ 285B6 1238111 3.21538 582.626 
器 ol . . Phe 13004X 3270672 8.32713 1375.64 
；1 ll'll l;yt 15 卯 38 2633382 6.06731 887.041 
M I V l l 295975 7754023 37.1418 631.41 
25.43 Hxs 77386 1678994 4.0363 626,434 
l l ' l l ^ 1909 72576 0 0 ^ � 
29,85 餘 g 13,40^3 4316002 11.1353 1^39.77 
.“ -..、.'一....‘~^  
— —^97268 75962553 205.651 22^32.5 
.i^l^ofei^ii lipml：：! 级 
Page imxm^m-t： i / m 
E. Amino acid chromatograph of AK transgenic line 
115 
� L^SROO AAA System Manager Meport 
Analyzed: 11/20/10 04:06 PM Reported: 11/22/10 03:40 PM 
Data Path: C: \Win32App\ASM\PH\DATM2098\ 
P r o c e s s i n g M e t h o d : a O l O - l l - i a O s - W T b 
System {acquis it ion) : Sys 1 Series: 2098 
Applicati'oii: VE Vial Type: UHK 
Sample Name: 5-35a Vial Number: 29 
Injection from this vial: 1 of 1 Volume; 20.0 ul 
0hrom Type: AAA Channel i 1 
700 i 
J I 
600 '：' . I 
I 500 -i I ‘ 
“ I I 
M 400， ’丨 * I I I 
] i ： ‘ ！ ‘ > ‘ 
t 300 ^ U i il r ！I 
f , i i it ；i 5 s • p. 
^ 200 - 丨 I；丨丨 ：i I i ^ TV £ ！ 1 I 
- I I |!:tj •，.'i \ I I A 
挪身 ' - n ； ' A i U ; •； ii； 、入 
\ P, I V '.I I . ' J ' j i M ; \ q i I , !\ 
0 i -一 . j ^ J � � ' , � ‘ s ^ 一 ； V L � - } ^ W J l . . . � , � • J ..... 
I 1 ~ ~ p r • " J 1 • • • • ' J - " ^ j . ' I f J w • - • j ' t • - . . J - , - . . J..V I r - - T ’ - ， . [ ‘ —- r *T J t 广 I ^ “ I I 
0 5 10 m： m as so 
：彻嫩咖n. Slaw (Mn) 
Processing Method: 2010-ll-20s-WTb : ‘ 
Column Type: STD Clum Developed by: HITACHI 
Method Description: 
PeaJ? Quantitation: AjREA Scale Factor 2; 1.000 
Calculation Method: EXT-STD 
Scale Factor 1: 1,000 
No. RT Name Height tmrn^ Gone 1 Cone 2 
nmal ng 
•”- -• + •-"'•••-^―•••… . • • ：〜 -•• ...一一一.*“.，. 
1 5.45 Asp 470.24& 8277941 22.1932 2953.91 
2 6.07 Thr 214287 3.845663 9 •42572 1122.6 
3 6.68 Ser 356312 6218088 14.7431 1549,5 
4 7.67 Glu 727552 15:8^^9075 36.7319 5403.26 
5 10.89 Gly 343837 ！‘? 6^041 18.7327 1406.83 
6 11.77 Ala 273451 7677082 20.5746 1833.2 
1 12.85 Met 355571 6041732 15.0922 2251.76 
0 15.43 1729 56219 0 0 
9 - 16.44 lie 116472 3662290 9.27658 1217.09 
10 17.59 Leu 202904 7987010 19.4164 2547.43 
11 19.27 Tyr 3^952 1518758 3.94422 714.692 
12 20.39 Phe 158617 4011837 10.2141 1687,38 
13 23.13 Ly& 196800 3423614 7.88801 1153,23 
14 24.39 m 3 352142 9219323 44.1606 nQ、lZ9 
15 25.45 His 96707 2104307 5.05876 785,119 
16 26.47 2220 85857 0 、 0 
17 2^,85 1-65875 5380706 13.8822 '2418.28 
4069573 930895.43 251.334 27795 
F. Amino acid chromatograph of DHPS transgenic rice 
116 
"v 
、 . . . ， ， .‘ 
I , ：；‘ . 
-V . ： . .:‘. 、 ‘ -
印、、r -： ,-•：-•• ’： 1 - . 、 . 
〜 - - - ‘ •；、二 ： ：： •；-.：：-.,： - ‘ 
C U H K L i b r a r i e s 
imim 
004777736 
